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Introduction

Breast cancer is the most common type of cancer for women in the United States and ranks
second as a cause of cancer-related mortality. Increased de novo lipogenesis is one of the most important
metabolic hallmarks of breast cancer [1-5]. Breast cancer cells contain a large number of genetic
alterations that act in concert to create the malignant phenotype. For example, the up-regulation of
oncogenes, such as Her2, c-MYC and CCND1, directly contributes to the uncontrolled proliferation of
breast cancer cells. For cancer cells to survive, they must acquire the ability to tolerate a series of
oncogenesis-associated cellular stress, such as proteotoxic-, mitotic-, metabolic-, and oxidative-stress [1,
2]. However, very little is known about the genomic basis and molecular mechanisms that allow breast
cancer cells to tolerate and adapt to these stresses. Amplification of 8p11-12 occurs in approximately
15% of human breast cancer (HBC). This region of amplification is significantly associated with
disease-specific survival and distant recurrence in breast cancer patients [3-6]. Previous work in our
laboratory, together with others, have identified the endoplasmic reticulum (ER) lipid raft-associated 2
(ERLINZ2, also known as SPFH2, CBORF2) gene as one of several candidate oncogenes within the 8p11-
12 amplicon, based on statistical analysis of copy number increase and over-expression [3, 4, 7]. Yet,
the biological roles of ERLIN2 and molecular mechanisms by which ERLIN2 contributes to breast
carcinogenesis remain unclear. In this research project, we hypothesized that ERLIN2 plays an
important role in the maintenance of malignancy and therapy-resistance through modulation of ER-
associated signaling pathways in aggressive forms of human breast cancer. Accordingly, we propose
that ERLIN2 represents a novel class of oncogenic factors and that targeting ERLIN2 may reduce the
therapy resistance of aggressive breast cancers and thus improve the effectiveness of conventional anti-
cancer drugs.



Body
1. Specific Aims

This project consists of 3 specific aims:

Aim 1: To investigate the role of ERLIN2 in the maintenance of stress- and apoptosis-resistant
phenotypes of aggressive breast cancer cells.

Aim 2: To elucidate the molecular mechanism by which ERLIN2 increases ER protein folding capacity
and suppresses ER stress-induced apoptosis in breast cancer cells.

Aim 3: To determine whether inhibition of ERLIN2 activity can enhance the effectiveness of the
conventional anti-cancer drugs in aggressive breast cancers.

2. Studies and Results

Task 1 (Dr. Zeng-Quan Yang and Dr. Kezhong Zhang’s labs). To investigate the role of endogenous
ERLIN2 up-regulation in the maintenance of stress- and apoptosis-resistant phenotypes of
aggressive breast cancer cells. (Completed).

In our previous annual reports, we have stated that we successfully knocked down ERLIN2 in
ERLIN2-amplified SUM-44 and SUM-225 cells using the lentiviral-based shRNA system. Cell growth
and proliferation analyses showed that knockdown of ERLIN2 slowed the proliferation rate of SUM-44
and SUM-225 cells, but not MCF10A control cells. We also revealed that knockdown of ERLIN2 in
SUM-44 and SUM-225 cells also suppressed anchorage-independent growth in soft agar, one of the
hallmark characteristics of aggressive cancer cells. Additionally, we found that amplification and over-
expression of ERLIN2 enhances the resistance to a variety of stressors, such as the ER stress-inducing
reagents Tunicamycin or Thapsigargin, to promote
breast cancer cell survival. Taken together, these
results suggested ERLIN2 plays a role in cell
proliferation and maintenance of transforming
phenotypes in breast cancer cells with the ERLIN2 8 - Hi
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Previously, we evaluated the expression of
ERLIN2 in normal and breast cancer tissues using
immunohistochemistry (IHC) in tissue arrays. We
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Task 2 ( Dr. Kezhong Zhang and Dr. Zeng-Quan Yang’s labs). To elucidate the molecular mechanism
by which ERLIN2 regulates ER calcium levels, increases ER capacity, and suppresses ER stress-
induced apoptosis in breast cancers. (Completed).

In the past progress reports, we have reported the following findings related to task 2: 1) the UPR
signaling regulates ERLIN2 protein expression through IREla- XBP1 in human breast epithelial cells;
2) IREla-mediated regulation of ERLIN2 is through the IRE1a RNase activity, but not its kinase
activity; 3) Over-expression of ERLIN2 leads to expansion of the ER compartment, a possible
mechanism for stress- and apoptosis-resistance of human breast cancer cells; 4) Over-expression of
ERLIN2 in human breast cancer cells did not affect ER calcium homeostasis, and thus, calcium signal
alteration/ER calcium release is not likely the cause of resistance to apoptosis by ERLIN2 over-
expression; 5) human breast cancer cells gain stress-adaption and apoptosis-resistance by up-regulating
IRE10/XBP1 UPR pathway but repressing ER stress-induced apoptotic pathway through CHOP in
response to ER stress reagents or anti-cancer chemotherapeutic drugs; and 6) over-expression of
ERLIN2 in human breast cancer cells promotes lipid droplet accumulation, a new mechanism to help
cancer cells gain a growth advantage and protect from stress-induced apoptosis.

In the past year, we have accomplished all the remained A
tasks originally proposed for the Zhang lab. We not only MCF10A  sUM4d
accomplished all the experiments originally proposed in task 2, but Lacz EN2 CTL RNA
also extended our study on delineating an unexpected molecular ERLINZ| — W o
mechanism through which human breast cancer cells gain stress- SREBP1o.P| e aup| | S0 ==
resistance and apoptosis-evading capability. Specifically, we have
made the following new processes: SREBP1c-M | 8 8 | ==
. . Tubulin -.‘ ‘-.‘
Our studies suggested ERLIN2 does not function as a
mediator of ER-associated protein degradation (ERAD) in human B
breast cancer cells. The levels of activated or polyubiquitinated IP3 CTL _ _RNAi
receptor proteins, the key regulators of ER calcium homeostasis, PBS OA PBS OA

were not changed in ERLIN2 over-expressing or knockdown breast
cancer cells. As mentioned in the last report, ERLIN2 unlikely
regulates ER calcium levels to prevent ER stress-induced apoptosis ST P ————
in breast cancers. This is opposite to our original hypothesis in
potential roles of ERLIN2 in ER calcium homeostasis. However,
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activated form of SREBP1c were significantly higher in the MCF10A cells over-expressing ERLIN2,
compared to that of the control cells (Figure 2A). Supporting a role of ERLIN2 in regulating SREBPI1c
activation in ERLIN2-amplified breast cancer cells, levels of cleaved SREBP1c protein were lower in
the ERLIN2-knockdown SUM44 breast cancer cells than that in the control cells (Figure 2A).
Supporting a regulatory role of ERLIN2 in SREBP1c activation, expression of fatty acid synthase
(FASN), a key enzyme in de novo lipo genesis and a target of SREBP1c, was decreased in ERLIN2-

knockdown hepatoma cell line Huh7 in the absence or presence
of oleic acid (OA), a monounsaturated fatty acid that can
stimulate cytosolic lipid accumulation (Figure 2B). Taken
together, our gain- and loss-of-function analyses indicate that
ERLIN?2 regulates activation of SREBP1c, the key de novo
lipogenic activator, in human breast cancer cells. This finding
explains why the ERLIN2-amplified breast cancer cell lines, such
as SUM225, possess abundant cytosolic lipid droplets, as we
mentioned in the last progress report.

Next, we analyzed ERLIN2-binding partners in human
breast cancer cells in order to understand the molecular
mechanism underlying regulation of SREBP1c activation by
ERLIN2. It is known that activation of SREBP is controlled by
interactions involving ER-resident proteins that are regulated by
metabolic signals [8, 9]]. In particular, the SREBP precursor
proteins interact with ER membrane-SREBP cleavage-activating
protein (SCAP), and SCAP binds to another ER membrane
protein called insulin-induced gene 1 (INSIG1) to maintain
SREBPs in an inactive state. In response to metabolic stimuli,
INSIGI dissociates with SCAP and is subsequently degraded
through ERAD, thus allowing SREBP activation. We performed
immunoprecipitation (IP)-western blot analysis to detect the
interaction between ERLIN2 and INSIG1 in human breast cancer
cells. In the absence of stress challenges, we detected only a
nominal interaction between ERLIN2 and INSIG1 (Figure 3A).
However, significant amounts of INSIG1 proteins associated
with ERLIN2 were detected in the cells challenged by insulin or
under the culture of lipoprotein-deficient serum (LPDS)-
containing medium, a stress culture condition that stimulates de
novo lipogenesis (Figure 3A) [8] . Additionally, we found that
only a small portion of SCAP proteins associated with ERLIN2
in the presence of insulin or LPDS challenge. Moreover, we
found that ERLIN2 does not function as a mediator of ERAD in
facilitating INSIG1 degradation, as the levels of INSIGI proteins
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Fig 3. (A) IP-western blot analysis of the
interaction between ERLIN2 and INSIG].
CHO cells stably expressing V5-tagged
ERLIN2 were transfected with a plasmid
vector expressing T7-tagged INSIG1. The
transfected CHO cells were challenged with
PBS, insulin (INS, 100 nM) for 6 hrs, or
LPDS medium for 12 hrs. As a control,
CHO cells were transfected with a plasmid
vector PGL3. ER protein fractions were
precipitated with an anti-V5 antibody and
subjected to immunoblotting to detect the
interaction between ERLIN2 and INSIGI.
(B) Western blot analysis of INSIG1 protein
levels in the Huh-7 cells overexpressing
LacZ or ERLIN2. Cell lysates were
prepared from the Huh-7 cells cultured in
normal medium (Ctl), LPDS medium, or
challenged with insulin (INS) for 6 hrs.

were not significantly changed in ERLIN2-overexpressing cells compared to that in the control cells

over-expressing LacZ (Figure 3B).




Task 3 (Dr. Zeng-Quan Yang). To determine whether inhibition of ERLIN2 activity can enhance the
effectiveness of conventional anti-cancer drugs in aggressive breast cancers in vitro and in vivo,
and to evaluate the potential of ERLINZ2 as a therapeutic target in aggressive breast cancer.

In our previous annual reports, we have detailed that SUM-225 breast cancer cells with or
without ERLIN2 knock-down were treated with conventional chemotherapeutic drugs, proteasome
inhibitor Bortezonib or EGFR family inhibitors (lapatinib or erlotinib). We found that SUM-225 cells
with ERLIN2 knockdown exhibited significantly lower Bortezonib IC50 values as compared with
control SUM-225 cells without ERLIN2 knockdown. However, we did not detect significant changes of
IC50 values for EGFR family inhibitors in SUM-225 cells with or without ERLIN2 knockdown. It is
claimed that Bortezomib induces cell death by disrupting the ER stress responses in a wide variety of
cancer cell lines. Our data suggests that the synergistic cooperation between knockdown of ERLIN2 and
a proteasome inhibitor might lead to a significant decrease in proliferation in a subset of breast cancer
cells in vitro.

In the past year, we performed in vivo studies with the two most effective ERLIN2 shRNAs
determined in our previous in vitro experiments. Two breast cancer cell lines, SUM-225 and SUM-52,
with the ERLIN2 gene amplification were used. The cells were orthotopically transplanted into the
mammary fat pads of nude mice. Mice were examined for tumor growth by palpation two times every
week. In order to avoid tumor necrosis and in compliance with regulations for use of vertebrate animals
in research, the animals were euthanized when the largest tumors reached approximately 1.5 cm in
diameter. We found that knockdown of ERLIN2 likely inhibits tumor growth of the SUM225 breast
cancer line. Unfortunately, SUM-52 breast cancer cells didn’t grow in mammary fat pads of nude mice.
In our future experiments, we will mainly use the SUM-225 breast cancer line.

Key Research Accomplishments

The highlights of our accomplishments from the past years are: (1) we discovered that ERLIN2
is amplified and over-expressed in both aggressive luminal B and HER2 subtypes of breast cancer; (2)
we stably knocked down or over-expressed ERLIN2 in various breast model cells utilizing lentiviral-
based shRNA or over-expression systems, and demonstrated that ERLIN2 is required for cell
proliferation and maintenance of transforming phenotypes in aggressive, ERLIN2-amplified breast
cancer; (3) we determined that expression of ERLIN2 in human breast cancer cells is regulated by the
unfolded protein response (UPR) pathway through the ER stress sensor IRE1a and its downstream trans-
activator XBP1; (4) we revealed that ERLIN2 facilitates breast cancer cell adaptation to ER stress and
resistance to ER stress-induced apoptosis; (5) we found that ERLIN2-amplified breast cancer cell lines,
such as SUM225 and SUM44, possess abundant cytosolic lipid droplets; (6) we demonstrated that the
levels of cytosolic lipid droplet and cellular triglyceride contents were significantly reduced in the
ERLIN2-knockdown breast cancer cells; (7) we revealed that ERLIN2 modulates activation of ER-
resident lipogenic regulators, including sterol regulatory element-binding protein 1c (SREBPIc) and
fatty acid synthase (FASN), in breast cancer cells; (8) we discovered that ERLIN2 regulates activation
of SREBPIc¢ by interacting with the ER-resident, SREBP/SCAP retention protein INSIG1; (9)we found



that knockdown of ERLIN2 enhances efficacy of chemo-therapeutic drugs, including proteasome
inhibitor Bortezonib, in breast cancer in vitro.

Reportable Outcomes
Manuscript:

“ERLIN2 promotes breast cancer cell survival by modulating endoplasmic reticulum stress pathways"
BMC Cancer 2012, 12: 225.

“Endoplasmic Reticulum Factor ERLIN2 Regulates Cytosolic Lipid Contents in Cancer Cells” Biochem
J. 2012, 446(3):415-425.

“Pharmacological ER stress promotes hepatic lipogenesis and lipid droplet formation” Am J Transl Res.
2012, 4:102-113.

“Measurement of ER stress response and inflammation in the mouse model of nonalcoholic fatty liver
disease” Methods Enzymol. 2011, 489:329-348.

“Role of unfolded protein response in lipogenesis” World J Hepatol. 2010, 2: 203-207

“Integration of ER stress, oxidative stress and the inflammatory response in health and disease” Int J
Clin Exp Med. 2010, 3: 33-40.

“Endoplasmic reticulum stress response in cancer: molecular mechanism and therapeutic potential” Am
J Transl Res. 2010, 2: 65-74.
Abstracts:

“Endoplasmic reticulum factor ERLIN2 plays an oncogenic role by modulating ER stress response in
breast cancer” DOD BCRP Era of Hope Meeting 2011

“Endoplasmic Reticulum Factor ERLIN2 Preserves Oncogenesis by Regulating De novo
Lipogenesis” DOD BCRP Era of Hope Meeting 2011

Conclusion

We have completed all the tasks related to the partnering PI Dr. Kezhong Zhang (tasks 1 and 2).
During the funding period, we made important discoveries in understanding the function and mechanism
of the endoplasmic reticulum factor ERLIN2 in human breast cancer. We found that ERLIN2 confers a
selective growth advantage on breast cancer cells by facilitating a cytoprotective response to various



cellular stresses associated with oncogenesis. We demonstrated that ERLIN2 also plays a key role in
maintaining lipogenic phenotype of breast cancer cells by regulating activation of SREBP, the key
lipogenic trans-activator. Under oncogensis-associated metabolic stress, ERLIN2 interacts with INSIG1,
thus leading to dissociation of SCAP from INSIG1 and subsequent activation of SREBP1c in human
breast cancer cells. The activation of SREBP1c triggered by the interaction between ERLIN2 and
INSIGI represents an important mechanism by which breast cancer cells increase de novo lipogenesis to
gain growth advantage and stress-resistance capability. The information provided here sheds new light
on the mechanism of breast cancer malignancy.
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Abstract

Background: Amplification of the 8p11-12 region has been found in approximately 15% of human breast cancer
and is associated with poor prognosis. Previous genomic analysis has led us to identify the endoplasmic reticulum
(ER) lipid raft-associated 2 (ERLIN2) gene as one of the candidate oncogenes within the 8p11-12 amplicon in human
breast cancer, particularly in the luminal subtype. ERLIN2, an ER membrane protein, has recently been identified as
a novel mediator of ER-associated degradation. Yet, the biological roles of ERLIN2 and molecular mechanisms by
which ERLIN2 coordinates ER pathways in breast carcinogenesis remain unclear.

Methods: We established the MCF10A-ERLIN2 cell line, which stably over expresses ERLIN2 in human
nontransformed mammary epithelial cells (MCF10A) using the plLenti6/V5-ERLIN2 construct. ERLIN2 over expressing
cells and their respective parental cell lines were assayed for in vitro transforming phenotypes. Next, we knocked
down the ERLIN2 as well as the ER stress sensor IRETa activity in the breast cancer cell lines to characterize the
biological roles and molecular basis of the ERLIN2 in carcinogenesis. Finally, immunohistochemical staining was
performed to detect ERLIN2 expression in normal and cancerous human breast tissues

Results: We found that amplification of the ERLIN2 gene and over expression of the ERLIN2 protein occurs in both
luminal and Her2 subtypes of breast cancer. Gain- and loss-of-function approaches demonstrated that ERLIN2 is a
novel oncogenic factor associated with the ER stress response pathway. The IRE1a/XBP1 axis in the ER stress
pathway modulated expression of ERLIN2 protein levels in breast cancer cells. We also showed that over expression
of ERLIN2 facilitated the adaptation of breast epithelial cells to ER stress by supporting cell growth and protecting
the cells from ER stress-induced cell death.

Conclusions: ERLIN2 may confer a selective growth advantage for breast cancer cells by facilitating a
cytoprotective response to various cellular stresses associated with oncogenesis. The information provided here
sheds new light on the mechanism of breast cancer malignancy

Keywords: Gene amplification, Breast cancer, Endoplasmic reticulum, ERLIN2

Background

Breast cancer cells contain a large number of genetic
alterations that act in concert to create the malignant
phenotype. For example, the up-regulation of oncogenes,
such as Her2, c-MYC and CCNDI, directly contributes
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to the uncontrolled proliferation of breast cancer cells.
For cancer cells to survive, they must acquire the ability to
tolerate a series of oncogenesis-associated cellular stres-
sors, which include DNA damage, proteotoxic-, mitotic-,
metabolic-, and oxidative-stress [1,2]. However, very little
is currently known about the genomic basis and molecular
mechanisms that allow breast cancer cells to tolerate and
adapt to these stresses. Amplification of 8p11-12 occurs in
approximately 15% of human breast cancer (HBC). This
region of amplification is significantly associated with

© 2012 Wang et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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disease-specific survival and distant recurrence in breast
cancer patients [3-6]. Previous work in our laboratory, to-
gether with others, have identified the endoplasmic
reticulum (ER) lipid raft-associated 2 (ERLIN2, also known
as SPFH2, C8ORF2) gene as one of several candidate
oncogenes within the 8p11-12 amplicon, based on statis-
tical analysis of copy number increase and over expression
[3,4,7]. Yet, the biological roles of ERLIN2 and molecular
mechanisms by which ERLIN2 coordinates ER pathways
in breast carcinogenesis remain unclear.

The ER is a cellular organelle primarily responsible for
protein folding, lipid and sterol biosynthesis, and cal-
cium storage. Physiological processes that increase pro-
tein folding demand or stimuli that disrupt the ER
protein folding process can create an imbalance between
ER protein folding load and capacity. This imbalance
leads to the accumulation of unfolded or misfolded pro-
teins in the ER: a condition referred to as “ER stress”
[8,9]. The ER has evolved highly specific signaling path-
ways, collectively termed the “unfolded protein re-
sponse” (UPR), to ensure protein folding fidelity and to
protect the cell from ER stress. Upon activation of UPR,
inositol-requiring protein 1 (IREla), the conserved ER
stress sensor from yeasts to mammals, mediates splicing
of the mRNA encoding X-box binding protein 1 (XBP1).
XBP1 serves as a potent UPR trans-activator that helps
protein refolding, transportation, and degradation in
order to bolster ER capacity and facilitate cell adaptation
to stress [8]. However, if UPR fails to restore ER homeo-
stasis, ER stress-associated apoptosis will occur [10]. As
part of the UPR program, ER-associated degradation
(ERAD) targets aberrantly folded proteins in the ER. In
addition to this “quality control” function, ERAD also
accounts for the degradation of several metabolically-
regulated ER proteins [11].

Recent studies provide evidence that UPR and ERAD
components are highly expressed in various tumors, in-
cluding human breast cancer [12-21]. During tumor de-
velopment and progression, increased amounts of
misfolded proteins caused by gene mutations, hypoxia,
nutrient starvation, and high-levels of reactive oxygen
species lead to ER stress [22,23]. The activation of UPR
and ERAD induces an adaptive response in which the
tumor cell attempts to overcome ER stress to facilitate
cytoprotection. In this study, we demonstrated that amp-
lification and the resultant over expression of ERLIN2
occurred in both luminal and Her2 subtypes of breast
cancer. We also found that the UPR pathway, through
the IRE1a/XBP1 axis, modulated the high-level expres-
sion of ERLIN2 protein. Furthermore, ERLIN2 had the
ability to protect breast cancer cells from ER stress-
induced cell death. Thus, ERLIN2 is a novel mediator of
ER stress response and thus amplification and over ex-
pression of ERLIN2 may facilitate the adaptation of
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breast cancer cells to the various cellular stresses asso-
ciated with oncogenesis.

Materials and methods

Cell lines and cell culture conditions

The culture conditions of of SUM breast cancer cells
and the immortalized non-tumorigenic MCF10A cells
are described in the Additional file 1: Materials and
Methods.

Genomic array CGH

Genomic array CGH experiments were performed using
the Agilent 44 K human genome CGH microarray chip
(Agilent Technologies, Palo Alto, CA). Agilent's CGH
Analytics software was used to calculate various meas-
urement parameters, including log2 ratio of total inte-
grated Cy-5 and Cy-3 intensities for each probe.

Semiquantitative RT-PCR reactions

Total RNA was prepared from human breast cancer cell
lines and the MCF10A cell line by standard methods
[3,24]. For RT-PCR reactions, RNA was converted into
¢DNA via a reverse transcription reaction using random
hexamer primers. Primers were ordered from Invitrogen
(Carlsbad, CA). A GAPDH primer set was used as a
control. Semiquantitative RT-PCR was done using the
iQSYBR Green Supermix (Bio-Rad, Hercules, CA).

Lentivirus construction and transduction of cells

The lentiviral expression construct containing the
ERLIN? gene (pLenti-ERLIN2), was established as previ-
ously described [3]. The lentivirus for pLenti-ERLIN2
was generated and used to infect the immortalized, non-
transformed mammary epithelial MCF10A cells. Control
infections with pLenti-LacZ virus were performed in
parallel with the pLenti-ERLIN2 infections. Selection
began 48 h after infection in growth medium with
10 pg/mL blasticidin in the absence of either insulin or
epidermal growth factor (EGF). Upon confluence,
selected cells were passaged and serially cultured.

Three-dimensional morphogenesis assays in matrigel

For three-dimensional morphogenesis assays in Matrigel,
cells grown in monolayer culture were detached by tryp-
sin/EDTA treatment and seeded in Matrigel (BD Bios-
ciences, San Jose, CA) precoated 8-well chamber slides.
The appropriate volume of medium was added and cells
were maintained in culture for 10-18 days. Phase-
contrast images and immunostaining images were taken
using bright-field and confocal microscopy.
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Lentivirus-mediated shRNA knockdown of gene
expression

We knocked down the expression of the human ERLIN2
gene in breast cancer cell lines and in the MCF10A cell
line using the Expression Arrest GIPZ lentiviral ShRNA-
mir system (OpenBiosystems, Huntsville, AL). Lentivirus
was produced by transfecting 293FT cells with the com-
bination of the lentiviral expression plasmid DNA and
Trans-Lentiviral packaging mix (OpenBiosystems.
Huntsville, AL). For cell infection, viral supernatants
were supplemented with 6 pg/mL polybrene and incu-
bated with cells for 24 hours. Cells expressing shRNA
were selected with puromycin for 2-3 weeks for func-
tional studies (cell proliferation and colony formation
assays) and for 4 to 10 days after infection for RNA
extraction.

Recombinant adenoviral or retrovirus infection
Adenoviruse vectors for expressing flag-tagged IREla
isoforms, including wild type IREla (Ad-IREla WT),
IREla kinase mutant (Ad-IREla K599A), and IREla
RNase mutant (Ad-IREla K907A), were kindly provided
by Dr. Yong Liu (Institute for Nutritional Sciences,
Shanghai, China) and amplified using the AdEasy System
(Stratagene) [25,26]. Retrovirus expressing spliced XBP1
was kindly provided by Dr. Lauri Glimcher (Harvard
University) [27]. For infection of cells with adenovirus
and retrovirus, cells were seeded in six-well plates. After
24 h, cells were infected with adenovirus expressing wild
type IREla (Ad-IREla WT), IREla kinase mutant (Ad-
IREla K599A), IREla RNase mutant (Ad-IREla
K907A), and retrovirus expressing spliced XBP1 as
described previously [28,29].

Tissue array and immunohistochemistry (IHC) staining
Human breast cancer tissue array was obtained from
Nuclea Biotechnologies (Pittsfield, MA). Immunohisto-
chemistry was performed on tumor tissue sections using
the standard laboratory protocols [30]. Briefly, after
deparaffinizing and hydrating with phosphate-buffered
saline (PBS) buffer (pH 7.4), the sections were pretreated
with hydrogen peroxide (3%) for 10 minutes to remove
endogenous peroxidase, followed by antigen retrieval via
steam bath for 20 minutes in EDTA. A primary antibody
was applied, followed by washing and incubation with
the biotinylated secondary antibody for 30 minutes at
room temperature. Detection was performed with diami-
nobenzidine (DAB) and counterstaining with Mayer
hematoxylin followed by dehydration and mounting.
Immunostained slides were blindly evaluated under a
transmission light microscope. Areas of highest staining
density were identified for evaluating the expression in
tumors.
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Results

ERLIN2 is amplified and over expressed in human breast
cancer cells

Recently, we used quantitative genomic PCR and array
comparative genomic hybridization (CGH) to profile copy
number alterations in 10 human breast cancer cell lines
and 90 primary human breast cancers [3,6,31]. Analysis of
our array CGH data showed that ERLIN2 gene was com-
monly amplified in 30% of the cell lines tested, as well as
in 7.8% of breast cancer specimens tested (Figure 1la). Pre-
viously, we and several other laboratories have demon-
strated that the 8p11-12 amplicon occurs mainly in the
luminal subtype of breast cancer cells, such as the SUM-
44 and SUM-52 cell lines. However, SUM-225 is a Her2-
amplified HBC cell line [31,32]. We also found two pri-
mary tumors, 10173 and 9895, which have Her2 gene
amplifications in addition to the amplification of the
ERLIN2 gene (Figure 1a). To obtain further support for a
potential involvement of the ERLIN2 region in breast can-
cer, we searched the published database of the Affymetrix
250 K array CGH [33]. We found that 42 of the 243 HBC
lines and primary samples in the array exhibited amplifica-
tion of the ERLIN2 region. Interestingly, eight of the
ERLIN2-amplified samples showed co-amplification of the
Her2 gene (Additional file 1: Figure S1). Next, we mea-
sured ERLIN2 protein levels in ten breast cancer cell lines
by Western blot analysis. In correlation with ERLIN2 gene
amplification, ERLIN2 protein levels in SUM-44, SUM-52,
and SUM-225 cells were dramatically greater than the
levels in breast cancer cell lines without ERLIN2 gene
amplification (Figure 1b). The presence of the ERLIN2
amplification in both luminal and Her2 subtypes of breast
cancer prompted us to further investigate the role of the
ERLIN2 gene in breast cancer progression.

ERLIN2 plays a functional role in breast cancer cells

Next, we addressed whether ERLIN2 possess transform-
ing properties. We transduced the immortalized, non-
transformed mammary epithelial cell line, MCF10A,
with lentivirus expressing ERLIN2 or control LacZ.
Semi-quantitative RT-PCR (qRT-PCR), Western blot and
immunofluorescence staining confirmed the over ex-
pression of ERLIN2 protein in MCF10A-ERLIN2 cells
(Figure 2a and Additional file 1: Figure S2). The infected
MCF10A cells were then subjected to analyses for
growth rates, growth factor-independent proliferation,
anchorage-independent growth, and three-dimensional
morphogenesis assays. Growth curves and colony forma-
tion assays in MCF10A cells showed that forced expres-
sion of ERLIN2 resulted in growth factor-independent
proliferation in insulin-like growth factor-deficient
media. To further examine the effects of ERLIN2 in a
context that more closely resembles in vivo mammary
architecture, we assessed the consequences of ERLIN2
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over expression on three-dimensional morphogenesis in
Matrigel. Although MCF10A cells formed polarized,
growth-arrested acinar structures with hollow lumens
similar to the glandular architecture in vivo, MCF10A-
ERLIN2 cells formed abnormal acini at a high frequency
that was grossly disorganized, and contained filled
lumens (Figure 2b).

To further explore the pathophysiological function of
ERLIN2 over expression, we stably silenced the ERLIN2
gene in SUM-44 and SUM-225 breast cancer cells using
the lentiviral-based shRNA system. To perform RNAi
knockdown experiments, we utilized pGIPZ-ERLIN2
shRNA expression constructs in which TurboGFP and
shRNA were part of a bicistronic transcript allowing for
the visual marking of the shRNA-expressing stable cells.
qRT-PCR and Western blot analysis indicated a marked
reduction in expression levels of ERLIN2 mRNA and

protein in the stable ERLIN2-shRNA-transduced SUM-44
and SUM-225 cell lines as compared with the control cell
lines infected with a non-silencing shRNA lentiviral con-
trol (Figure 3a). Among the two targeted vectors used,
ERLIN2-shRNA vector #1 produced a more striking
knockdown effect: infected SUM-225 cells had a nearly
complete loss of ERLIN2 protein expression (Figure 3a).
We did not detect any change in ERLIN1 mRNA and pro-
tein levels in ERLIN2-shRNA knockdown cells, thus ruling
out the possiblity of off-target effects by ERLIN2-shRNAs
(Data not shown). Cell growth and proliferation analyses
showed that knockdown of ERLIN2 slowed the prolifera-
tion rate of SUM-44 and SUM-225 cells, but had only a
minor effect on SUM-102 and MCF10A cells, which lack
ERLIN2 amplification (Figure 3b). Importantly, knock-
down of ERLIN2 in SUM-44 and SUM-225 cells also sup-
pressed anchorage-independent growth in soft agar, one of
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the hallmark characteristics of aggressive cancer cells.
(Figure 3c). Taken together, results from over expression
and knockdown experiments suggested ERLIN2 plays a
role in cell proliferation and maintenance of transforming
phenotypes in breast cancer cells with the 8pl1-12
amplification.

Expression of ERLIN2 is regulated by the ER pathway
through IRE1a/XBP1

Recent studies have identified ERLIN2 both as a novel
component of lipid raft domains in the ER membrane
and as a substrate recognition factor during ERAD of
activated inositol triphosphate receptors (IP3R) as well
as other substrates [34-36]. IREla is the primary ER
stress sensor implicated in the regulation of the ERAD
pathway [37]. Under ER stress, IREla undergoes auto-
phosphorylation to activate its RNase activity, which
triggers one of the UPR cascades through splicing Xbp1
mRNA [8]. Previous work has demonstrated that breast
cancer cells over express XBP1 [38,39], while we
observed that SUM-44, SUM-52 and SUM-225 cell lines
over expressed total and activated XBP1 (Additional file
1: Figure S3 Additional file 2: Table S1). To evaluate the
possibility of an association between ERLIN2 expression
and the IREla-mediated UPR pathway in HBC, we
inhibited IRE1a RNase or kinase activity in breast cancer
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cells. To accomplish this, we used adenoviral-based ex-
pression system to introduce the previously character-
ized IRE1 kinase dominant-negative mutant (IRE1
K599A) or the IRE1 RNase dominant-negative mutant
(IRE1 K907A) into breast cancer cells [26,40,41]. We
chose SUM-44 cells for this experiment because the
SUM-44 cells are very amenable to adenovirus-mediated
expression. The inhibition of the IREla RNase activity
significantly reduced protein levels of ERLIN2 in SUM-
44 cells (Figure 4a). In addition, forcible expression of
wild-type IREla or spliced XBP1 in MCFI0A cells
resulted in increased expression levels of endogenous
ERLIN2 protein (Figure 4b and c). However, quantitative
real-time RT-PCR analysis showed that over expression
of IREla or spliced XBP1 did not increase expression of
the ERLIN2 mRNA (Data not shown). Next, we asked
whether ERLIN2 expression was induced by stress indu-
cers in normal mammary epithelial cells. Our group rou-
tinely cultures MCF10A cells in serum-free, growth
factor-supplemented media. Oncogenesis-associated
conditions, such as nutrient or growth factor depletion,
can cause pathophysiologic ER stress [22,23]. When
MCF10A cells were cultured in media lacking insulin or
EGE, expression levels of endogenous ERLIN2 protein in
MCF10A were increased as compared with levels in cells
cultured in normal media (Figure 4d). Our observations
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suggest that the ER stress pathway likely regulates
ERLIN2 protein expression through IREla-actived XBP1
in human breast epithelial cells.

ERLIN2 promotes breast cancer cell survival

Next, we tested if amplification and over expression of
ERLIN2 enhances the resistance to a variety of stressors
to promote cancer cell survival. Figure 5a shows the
ICs values for the ER stress-inducing reagent Tunica-
mycin (Tm), in ten breast cancer cell lines as well as in
the nontransformed human mammary epithelial cell line
MCF10A. SUM-44 and SUM-225 cells, which have
ERLIN2 amplification, had significantly higher TM ICsq
values than cell lines without ERLIN2 amplification
(P <0.05). We obtained similar results with Thapsigargin
(Tg) treatment of SUM-225 cells (data not shown). Ex-
pression of the CCAAT/enhancer-binding protein (C/
EBP) homology protein (CHOP) is characteristic of the
ER stress—mediated apoptotic pathway. In response to
treatment with Tm or Tg, expression of CHOP dramat-
ically increased in control MCF10A cells (Figure 5b).
However, induction of CHOP by Tm and Tg treatment
was weaker or barely detectable in SUM-44 and SUM-
225 cells (Figure 5b). Next, to determine whether

suppressing ERLIN2 in breast cancer cells re-sensitize
them to ER-stress, we challenged stable ERLIN2-
knockdown SUM-44 and SUM-225 cells with Tm and
Tg for 72 hours and evaluated their viability using the
MTT assay. Knockdown of ERLIN2 resulted in increased
sensitivity to Tm or Tg -induced cell death (Figure 5c).
Our data suggested that over expression of ERLIN2 may
facilitate the adaptation of breast epithelial cells to ER
stress by supporting cell growth. Future investigations
are required to more precisely address the mechanism
by which ERLIN2 promotes breast cancer cell survival.

Expression of ERLIN2 in breast tissues: Carcinomas and
normal

We evaluated the expression of ERLIN2 in normal and
cancerous human breast tissues using immunohisyo-
chemistry (IHC) in breast cancer tissue arrays. We first
confirmed the specificity and sensitivity of the ERLIN2
antibody for visualizing ERLIN2 expression in formalin-
fixed, paraffin-embedded breast cancer cell lines. Con-
sistent with the immunoblotting data, SUM-225 cells
displayed significantly higher levels of positive staining
as compared with the MCF10A control cells (Additional
file 1: Figure S4). The tissue array included 34 breast
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carcinomas and 17 normal breast tissue, which included
14 cases of adjacent normal counterparts. ERLIN2 ex-
pression was scored based on the staining intensity: 0
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(negative), 1+ (weak), 2+ (low); 3+ (moderate) or
4 + (strong). In breast carcinomas samples, 11 (32.4%)
stained ERLIN2 strongly and 13 (38.2%) moderately
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(Figure 5, Additional file 1: Figure S5 Additional file 2:
Table S2). In contrast, no strong or moderate staining
was observed in the 17 normal breast tissues. The stain-
ing intensities of ERLIN2 were significantly higher in
tumor cells than in normal tissue cells (P =0.001).

Discussion

The 8p11-12 amplicon in HBC has been the subject of a
number of studies using high-resolution genomic analysis
of copy number and gene expression [3-6,42,43]. We pre-
viously found that the 8pl1-12 amplicon has a highly
complex genomic structure and that the size of the ampli-
con in three HBC lines, SUM-44, SUM-52 and SUM-225,
is highly variable [6,31]. Moreover, the sub-amplicon of
8p11-12 that carries the ERLIN2 gene amplification was
more frequently identified in HBCs [4,7]. Previous studies
have demonstrated that the 8pl1-12 amplicon occurs
mainly in the luminal subset of breast cancer cells, such as
SUM-44 cells, a subset that also expresses the estrogen re-
ceptor [3,4,7,44-46]. Here we report that the co-
amplification of the ERLIN2 region occurred in a subset of
HER2-amplified breast cancer cells, including SUM-225
cells. Our recent studies with Her2 model cells demon-
strated that over expression of Her2 alone is not sufficient
to induce full transformation in vitro and is not tumori-
genic in vivo [47]. In contrast, Her2-amplified SUM225
breast cancer cells are fully transformed in vitro and
tumorgic in vivo [48]. In this study, in vitro transforming
and shRNA assays provided evidence that ERLIN2 is the
most likely non- classical oncogene within this 8p11-12
minimal common amplified region. Our results suggest
that the ERLIN2 plays a role in cell proliferation and main-
tenance of transforming phenotypes in breast cancer cells
with the 8p11-12 amplification.

ERLIN2 belongs to a larger family of proteins that share
an evolutionarily conserved stomatin/prohibitin/flotillin/
HfIK/C (SPFH) domain. SPFH-containing proteins localize
to different membranes, but have common characteristics.
For example, N-terminal sequences are required for sub-
cellular localization and membrane attachment, while the
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coiled-coil motifs located at the C-terminal side of SPFH
domain mediate the assembly of high-molecular-weight
complexes [49]. ERLIN2 and its homologue ERLIN1 were
originally identified as components of lipid rafts that
localize to the ER [36]. More recently, ERLIN2 has been
recognized as a novel mediator of ERAD [34-36,50].
ERLIN2 binds to activated IP3Rs and other ERAD sub-
strates, leading to polyubiquitination and subsequent deg-
radation of these substrates [34,35].

Of particular interest in this study, we found that the
UPR pathway modulated ERLIN2 protein expression in
breast cancer cells through the IRE1a/XBP1 axis. Forced
expression of IREla, or spliced XBP1, the target of
IREla under ER stress, up-regulated expression of the
ERLIN2 protein, while knockdown of IREla RNase ac-
tivity decreased ERLIN2 expression in the ERLIN2-amp-
lified breast cancer cells. These gain- and loss-of-
function studies provided support that the IRE1a/XBP1-
mediated UPR pathway in HBC regulated production of
ERLIN2. Importantly, our study also showed that the de-
pletion of nutrient and growth signals, a condition that
is associated with oncogenesis and ER stress, can in-
crease ERLIN2 production in breast epithelial cells.
However, over expression of IREla or spliced XBP1 did
not increase expression of the ERLIN2 mRNA level, sug-
gesting regulation at the post-transcription level. In the
present study, we also showed that expression of pri-
mary breast cancer cells significantly up regulated
ERLIN2 protein expression as compared with normal
breast cells. As we had described earlier, amplification of
the ERLIN2 gene, as part of the 8pll-12 amplicon,
occurs in approximately 15% of human breast cancer. It
is reported that XBP1 is over expressed in aggressive
breast cancer and associated with cancer cell survival
and therapy resistance [51]. In the ten SUM breast can-
cer cell lines we investigated, three lines have both
ERLIN2 gene amplification and up-regulation of acti-
vated XBP1, resulting in dramatically high-level expres-
sion of ERLIN2 protein. In contrast, two lines with up-
regulation of the XBP1, but no ERLIN2 gene amplifica-
tion, had moderately high-expression of the ERLIN2
protein. Taken together, our results raise an intriguing
notion that the breast cancer cells may utilize gene amp-
lification and the UPR pathway to regulate ERLIN2 pro-
tein over-production under oncogenic stress conditions.

In response to ER stress, cells activate UPR to repro-
gram gene transcription and translation. Depending on
the type and/or degree of the stress, cells can differen-
tially activate the UPR pathways in order to make sur-
vival or death decisions [52]. The literature indicates
that the UPR branch, through IRE1a/XBP1, plays a crit-
ical role in cell adaptation to ER stress by increasing
protein refolding and degradation of misfolded proteins,
and by bolstering the protein-folding capacity and
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secretion potential of the ER [20,52,53]. Cancer cells
may adapt to the cellular stress and evade stress-induced
apoptotic pathways by differentially activating the UPR
branches. Indeed, tumor microenvironment has been
characterized by a ‘baseline’ level of ER stress response
that promotes tumor development and metastasis [20].

Conclusions

In the present study, we show that over expression of
ERLIN2 may facilitate the adaptation of breast epithelial
cells to ER stress by supporting cell growth and protect-
ing the cells from ER stress-induced apoptosis. These
results suggest that ERLIN2 confers a selective growth
advantage for breast cancer cells by facilitating a cyto-
protective response to various cellular stresses associated
with oncogenesis. The information provided here sheds
new light the mechanism of breast cancer malignancy.
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Endoplasmic reticulum factor ERLIN2 regulates cytosolic lipid content

in cancer cells
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Increased de novo lipogenesis is a hallmark of aggressive cancers.
Lipid droplets, the major form of cytosolic lipid storage, have
been implicated in cancer cell proliferation and tumorigenesis.
Recently, we identified the ERLIN2 [ER (endoplasmic reticulum)
lipid raft-associated 2) gene that is amplified and overexpressed
in aggressive human breast cancer. Previous studies demonstrated
that ERLIN2 plays a supporting oncogenic role by facilitating
the transformation of human breast cancer cells. In the present
study, we found that ERLIN2 supports cancer cell growth
by regulating cytosolic lipid droplet production. ERLIN2 is
preferably expressed in human breast cancer cells or hepatoma
cells and is inducible by insulin signalling or when cells are
cultured in lipoprotein-deficient medium. Increased expression
of ERLIN2 promotes the accumulation of cytosolic lipid droplets
in breast cancer cells or hepatoma cells in response to insulin or
overload of unsaturated fatty acids. ERLIN?2 regulates activation

of SREBP (sterol regulatory element-binding protein) lc, the
key regulator of de novo lipogenesis, in cancer cells. ERLIN2
was found to bind to INSIG1 (insulin-induced gene 1), a key
ER membrane protein that blocks SREBP activation. Consistent
with the role of ERLIN2 in regulating cytosolic lipid content,
down-regulation of ERLIN2 in breast cancer or hepatoma cells
led to lower cell proliferation rates. The present study revealed
a novel role for ERLIN2 in supporting cancer cell growth by
promoting the activation of the key lipogenic regulator SREBP1c
and the production of cytosolic lipid droplets. The identification
of ERLIN?2 as a regulator of cytosolic lipid content in cancer cells
has important implications for understanding the molecular basis
of tumorigenesis and the treatment of cancer.

Key words: cancer, endoplasmic reticulum (ER), ER membrane
lipid raft-associated 2 (ERLIN2), lipogenesis, oncogenesis.

INTRODUCTION

Increased lipid and energy metabolism is a prominent feature of
cancer [1]. It has been demonstrated that the lipogenic phenotype
and activation of lipogenic enzymes correlate with a poorer
prognosis and shorter disease-free survival for patients with
different tumour types [2]. Production of lipid droplets, the main
cytosolic lipid storage organelle in eukaryotic cells, is closely
associated with de novo lipogenesis [3]. Indeed, elevated lipid
droplet content is implicated in cancer cell proliferation and
tumorigenesis and has been increasingly recognized as a hallmark
of aggressive cancers [2,4].

ERLIN2 {ER (endoplasmic reticulum) membrane lipid raft-
associated 2; also known as SPFH2 [SPFH (stomatin/prohibitin/
flotillin/HAAIK/C) domain family, member 2] and C8ORF2
[chromosome 8 open reading frame 2]} and its homologue
ERLIN1 belong to a larger family of proteins that share
an evolutionarily conserved SPFH domain [5]. Recent high-
resolution genomic analyses of copy number in human breast
cancer specimens demonstrated that high-level amplification of
the ERLIN2 region occurs in 28 % of cases [6]. On the basis
of statistical analysis of copy number increase and overexpression,
we and others have identified the ERLIN2 gene as one of

several candidate oncogenes within the 8p11-12 amplicon [7-11].
Together with other identified oncogenes in the 8p11-12 amplicon,
ERLIN? promotes transformation of human breast cancer cells,
although it does not behave as a classical transforming oncogene,
such as receptor tyrosine kinases and the small GTPase Ras [7,10—
12]. Previous studies suggested that ERLIN2 might mediate ER-
associated protein degradation [5,13,14]. ERLIN1 and ERLIN2
interact with each other to form a functional complex.
ERLIN2 can bind to the activated inositol trisphosphate receptors
and other ERAD (ER-associated degradation) substrates, leading
to polyubiquitination and subsequent degradation of these
substrates [13,14]. ERLIN2 can also interact with ER-resident
proteins GP78 [AMFR (autocrine motility factor receptor)] and
TMUBI (transmembrane and ubiquitin-like domain containing
1) to mediate degradation of HMG-CoA (3-hydroxy-3-
methylglutaryl-CoA) reductase [15]. However, previous studies
were focused on the biochemical characterization of ERLIN2 as
amediator of the ERAD pathway. The precise role and mechanism
of ERLIN2 in aggressive cancer cells, where the ERLIN2 gene is
amplified and overexpressed, remain poorly understood.

In the present study, we found that ERLIN2 plays an important
role in regulating cytosolic lipid content and activation of SREBP
(sterol regulatory element-binding protein) lc, a key lipogenic

Abbreviations used: AHF, atherogenic high-fat; BODIPY, boron dipyrromethene; CHO, Chinese hamster ovary; DAPI, 4',6-diamidino-2-phenylindole;
DGAT, diacylglycerol O-acyltransferase; DMEM, Dulbecco’s modified Eagle’s medium; ER, endoplasmic reticulum; ERAD, ER-associated degradation;
ERLIN2, ER membrane lipid raft-associated 2; FAS, fatty acid synthase; FBS, fetal bovine serum; GAPDH, glyceraldehyde-3-phosphate dehydrogenase;
HMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; INSIG1, insulin-induced gene 1; IP, immunoprecipitation; LPDS, lipoprotein-deficient serum; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide; NP-40, Nonidet P40; PGC, peroxisome-proliferator-activated receptor y coactivator; RT, reverse
transcription; shRNA, small hairpin RNA; SPFH, stomatin/prohibitin/flotillin/HfIK/C; SREBP, sterol regulatory element-binding protein; SCAP, SREBP

cleavage-activating protein; TG, triglyceride.
T These authors contributed equally to this work.

2 Correspondence may be addressed to either of these authors (email kzhang@med.wayne.edu or yangz@karmanos.org).
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regulator in human breast cancer cells and hepatoma cells.
Furthermore, knockdown of endogenous ERLIN2 led to reduced
cancer cell proliferation rates. Our finding that ERLIN2 regulates
lipogenesis in cancer cells contributes to our understanding of the
molecular basis governing lipid metabolism in tumorigenesis and
could have important applications in cancer therapy.

MATERIALS AND METHODS
Materials

Chemicals were purchased from Sigma unless indicated
otherwise. Synthetic oligonucleotides were purchased from
Integrated DNA Technologies. Human insulin was purchased
from Eli Lilly. Antibodies against FLAG, ERLIN1 and «-tubulin
were purchased from Sigma. An antibody against ERLIN2 was
purchased from Cell Signaling Technology. An antibody against
SREBPlc was purchased from Thermo Scientific. ERLINI
and ERLIN2 ON-TARGETplus siRNA SMARTpool® reagents
were purchased from Dharmacon. Antibodies against T7, VS,
INSIG1 (insulin-induced gene 1), SREBPla and FAS (fatty
acid synthase) were purchased from Santa Cruz Biotechnology.
An antibody against SCAP (SREBP cleavage-activating protein)
was purchased from Abcam. The monoclonal antibody against
C-terminal SREBP2 was purchased from BD Pharmingen,
and the polyclonal antibody against N-terminal SREBP2 was
from Cayman Chemicals. The photo-reactive amino acids kit
was from Thermo Scientific Pierce. The kit for measuring
TGs (triglycerides) was from BioAssay System. The plasmid
expressing T7-tagged human INSIG1 used in the present study
was provided by Dr Jin Ye (University of Texas Southwestern
Medical Center, Dallas, TX, U.S.A.) [16].

Cancer cell culture, lentivirus construction and transduction of cells

The human breast cancer cell lines SUM44 and SUM?225,
and the human mammary epithelial cell line MCF10A were
cultured as described previously [12,17,18]. The human breast
cancer cell line ZR-75-1 was purchased from the A.T.C.C.
The human hepatocellular carcinoma cell line Huh-7 was
cultured in DMEM (Dulbecco’s modified Eagle’s medium)
containing 10% FBS (fetal bovine serum), L-glutamine and
antibiotics at 37°C in a 5% CO, environment [19]. The
details regarding the origins and culture conditions of these
cancer cell lines are described in the Supplementary Online
data (at http://www.BiochemlJ.org/bj/446/bj4460415add.htm).
The lentiviral expression construct containing human ERLIN2
(pLenti-ERLIN?2) was established as described previously [7].
The lentivirus for pLenti-ERLIN2 was used to infect MCF10A
or Huh-7 cells. Control infections with pLenti-LacZ virus
were performed in parallel with the pLenti-ERLIN2 infections.
Selection began 48 h after infection in growth medium with
10 ug/ml blasticidin. Upon confluence, selected cells were
passaged and serially cultured.

Lentivirus-mediated shRNA (small hairpin RNA) knockdown of
gene expression

We knocked down the expression of the human ERLIN2 gene in
human breast cancer cell lines SUM225 and SUM44 or human
hepatoma cell line Huh-7 by using the Expression Arrest GIPZ
lentiviral sShRNAmir system (OpenBiosystems). Lentivirus was
produced by transfecting HEK (human embryonic kidney)-293FT
cells with a combination of the lentiviral expression plasmid

© The Authors Journal compilation © 2012 Biochemical Society
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DNA and the Trans-Lentiviral packaging mix (OpenBiosystems).
For cell infection, viral supernatants were supplemented with
6 pg/ml polybrene and incubated with the cells for 24 h. The cells
expressing shRNA were selected with puromycin for 2-3 weeks
for functional studies (cell proliferation assays) and for 4—10 days
after infection for RNA extraction.

BODIPY (boron dipyrromethene) staining of lipid droplets

The cells were washed with PBS, fixed with 3 % formaldehyde
for 15 min and stained with BODIPY 493/503 (stock 1 mg/ml,
working solution 1:1000 dilution; Invitrogen) for 15 min at
room temperature (25°C). Cells were then mounted with
Prolong gold antifade reagent containing DAPI (4',6-diamidino-
2-phenylindole; Invitrogen).

0il Red O staining of lipid droplets

Frozen liver tissue sections were stained with Oil Red O according
to the standard protocol to visualize lipid droplet content. Briefly,
frozen liver tissue sections of 8 um were air-dried and then fixed
in formalin. The fixed sections were rinsed with 60 % propan-2-ol
before they were stained with freshly prepared Oil Red O solution
for 15 min. After Oil Red O staining, the liver sections were rinsed
again with 60 % propan-2-ol followed by washing with water.

Incorporation of photo-reactive amino acids and UV cross-linking
to analyse the protein binding complex

Cells at 60-70% confluence were washed twice with PBS
and cultivated with DMEM limiting medium (without L-leucine
and L-methionine) containing 2 mM photo-reactive leucine and
4 mM photo-reactive methionine analogues supplemented with
10% dialysed FBS for 24 h. After washing twice with PBS,
cells were UV-irradiated using a Stratalinker 1800 (UVA output
at 1cm=3000 uW/cm?) for 12 min. The cell lysates were
then collected in NP-40 (Nonidet P40) lysis buffer for IP
(immunoprecipitation) Western blot analysis. The photo-reactive
amino acids kit, DMEM limiting medium and dialysed FBS were
purchased from Thermo Scientific Pierce.

Cell proliferation assay

Cell proliferation rates were determined using CellTiter 96
non-radioactive cell proliferation assay {MTT [3-(4,5-dimethyl-
thiazol-2-y1)-2,5-diphenyl-2H-tetrazolium bromide]} kits from
Promega. Briefly, approximately 5000 cells per well were seeded
in triplicate in 96-well culture plates and allowed to attach for
24 h. After cell culture for 3, 6, 9 and 12 days, 20 ul of MTT
(5 mg/ml) solution was added to 200 ul of medium in each well.
Cells were cultured for an additional 4 h to allow MTT to be well
metabolized. After that, the medium was aspirated, and 200 ul of
DMSO was added into the well to dissolve the purple formazan
crystals. The absorbance of the plate was measured at 570 nm
using a plate reader.

Western blot and IP Western blot analyses

To determine expression levels of ERLIN1, ERLIN2, SREBPs,
INSIG1, «-tubulin and GAPDH (glyceraldehyde-3-phosphate
dehydrogenase), total cell lysates were prepared from cultured
cells or liver tissue by using NP-40 lysis as described previously
[20]. Denatured proteins were separated by SDS/PAGE (10 %
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Tris-Glycine polyacrylamide gels) and transferred on to a
0.45-mm PVDF membrane (GE Healthcare). Membrane-bound
antibodies were detected by an enhanced chemiluminescence
detection reagent (GE Healthcare). For IP Western blot analysis,
total protein lysates from in vitro cultured cells were immun-
oprecipitated with the anti-ERLIN1, anti-ERLIN2 or anti-V5
antibody, followed by Western blot analysis with the anti-
ERLINI, anti-SCAP or anti-T7 antibody.

Quantitative real-time RT (reverse transcription)-PCR analysis

For real-time RT-PCR analysis, total cellular RNA was prepared
using TRIzol reagent (Invitrogen) and reverse-transcribed to
cDNA using arandom primer. The real-time PCR reaction mixture
containing cDNA template, primers and SYBR Green PCR
Master Mix (Invitrogen) was run in a 7500 Fast Real-time
PCR System (Applied Biosystems). The sequences of the PCR
primers used in the present study are provided in the
Supplementary Table S1 (at http://www.BiochemlJ.org/bj/446/
bj4460415add.htm). Fold changes of mRNA levels were
determined after normalization to internal control S-actin RNA
levels.

Statistics

Experimental results (quantitative real-time RT-PCR analysis,
MTT assay and quantitative Western blot analysis) were
calculated as means + S.E.M. (for variation between animals or
experiments). The differences among means between multiple
(more than two) groups were analysed by one-way ANOVA
followed by post-hoc comparisons of group means with the
Tukey—Kramer test. The mean values for biochemical data
from two experimental groups were compared by a paired or
unpaired two-tailed Student’s ¢ test. Differences of P < 0.05 were
considered statistically significant.

RESULTS

ERLIN2 is overexpressed in human cancer cells and inducible by
metabolic stress signals

Previously we and others demonstrated that the ERLIN2 gene
was highly amplified in human breast cancer cell lines and
breast tumours of aggressive forms [7-9]. Western blot analysis
indicated that ERLIN2 was overexpressed in the aggressive
human breast cancer cell lines SUM225, ZR-75-1, SUM44 and
SUMS2, and it was modestly expressed in the non-transformed
human mammary epithelial cell line MCF10A (Figure 1A, [7]).
Moreover, ERLIN2 was expressed in human hepatoma cell lines,
including HepG2 and Huh-7, but only slightly expressed in murine
primary hepatocytes (Figure 1A). Evidence suggests that elevated
lipogenesis is essential for tumour cell survival and malignancy
maintenance [2,4]. To elucidate the involvement of ERLIN2 in
the lipogenic phenotype of human cancer cells, we exposed
murine primary hepatocytes to metabolic stress conditions that
are associated with lipogenesis and/or cancer cell growth. First,
we found that expression of endogenous ERLIN2in murine
primary hepatocytes was inducible by insulin, a metabolic signal
that induces activation of SREBPIc and de novo lipogenesis in
the liver (Figure 1B) [21]. Secondly, expression of endogenous
ERLIN2 was higher in primary hepatocytes cultured in medium
containing LPDS (lipoprotein-deficient serum), a metabolic stress
condition that triggers SREBP activation and de novo lipogenesis,
in a time-dependent manner (Figure 1C). To further elucidate
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the effect of the insulin signal or LPDS on the induction of
ERLIN2, we examined the induction of ERLIN2 mRNA in
murine primary hepatocytes in response to insulin or LPDS
challenge. Quantitative real-time RT-PCR analysis indicated
that expression of ERLIN2 mRNA in primary hepatocytes is
inducible by insulin or LPDS (Supplementary Figure S1 at
http://www.BiochemlJ.org/bj/446/bj4460415add.htm). However,
there is a discrepancy in expression patterns between the ERLIN2
protein and mRNA levels. The discrepancy between protein
and mRNA levels, which may be due to post-transcriptional
regulation, has been observed with many genes involved in lipid
metabolism [21-24].

We also evaluated the expression of ERLIN2 in the liver of
mice receiving normal chow or an AHF (atherogenic high-fat)
diet known to induce atherosclerosis and fatty liver disease
in murine models [25,26]. Expression levels of the ERLIN2
protein in the steatoic livers of the mice fed the AHF diet were
much higher than those in mice fed the normal diet (Figure 1D).
Quantitative real-time RT-PCR analysis confirmed that
expression of ERLIN2 mRNA was significantly higher in the livers
of the mice fed the AHF diet compared with the mice fed normal
chow (Figure 1E). Together, the results suggest that expression of
ERLIN?2 is up-regulated in cancer cells and inducible by insulin
or LPDS challenge. These findings motivated us to investigate
the involvement of ERLIN2 in lipid metabolism associated with
tumorigenesis.

ERLIN2 is required for cytosolic lipid droplet accumulation in
cancer cells after insulin stimulation or overload of oleic acid

To assess the potential involvement of ERLIN2in lipid
metabolism in cancer cells, we analysed cytosolic lipid content
in human mammary epithelial cells, breast cancer cells or
hepatoma cells in which exogenous ERLIN2 was overexpressed
or endogenous ERLIN2 was knocked down. Using a lentiviral
expression system, we established a human mammary epithelial
cell line (MCF10A) that stably expresses ERLIN?2 or control LacZ
(Figure 2A). Cytosolic lipid droplets, as indicated by BODIPY
staining, accumulated in the MCFI10A cells overexpressing
exogenous ERLIN2, but not the LacZ control (Figure 2B).
The human breast cancer cell line SUM225, in which the
ERLIN2 gene was amplified and overexpressed, possesses
abundant cytosolic lipid droplet contents (Figures 2C and 2D).
However, when the endogenous ERLIN2 gene was knocked
down, the levels of lipid droplet contents in the ERLIN2-
knockdown SUM225 cells were significantly reduced. The
reduction of lipid droplet contents in the absence of ERLIN2
was consistent with cellular TG levels in the ERLIN2-
knockdown breast cancer cells (Supplementary Figure S2 at
http://www.BiochemlJ.org/bj/446/bj4460415add.htm). Together,
these results suggest a potential role for ERLIN2 in promoting
lipid droplet production in human breast cancer cells.

To verify the role of ERLIN2 in cytosolic lipid accumulation,
we used the human hepatocellular carcinoma cell line Huh-7 [19],
which has been used to study tumorigenesis or hepatic lipid
metabolism. The ERLIN2 gene was stably silenced in Huh-7
cells by using a lentivirus-based shRNA system. The result of
Western blot analysis indicated that expression levels of ERLIN2
protein were markedly reduced in the ERLIN2-knockdown Huh-7
cells, compared with the control cells transduced by a non-
silencing shRNA control (Figure 3A). The ERLIN2-knockdown
Huh-7 cells had much lower levels of lipid droplet content,
indicated by Oil Red O staining, than the control cells (Figure 3B).
Overexpression of ERLIN2 significantly increased lipid droplet
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Figure 1 ERLIN2 is preferentially expressed in cancer cells and is inducible by metabolic signals

(A) Western blot analysis of ERLIN2 protein levels in the human breast cancer cell lines SUM225 and ZR-75-1, non-tumorigenic mammary epithelial cell line MCF10A, human hepatoma cell lines
HepG2 and Huh-7, and murine primary hepatocytes (hep). Levels of GAPDH were included as loading controls. The values below the gels indicate ERLIN2 protein signal intensities [quantified using
ImageJ (http://rsbweb.nih.gov/ij/)] after normalization to GAPDH signal intensities. (B) Western blot analysis of ERLIN2 protein levels in murine primary hepatocytes challenged with insulin (100 nM)
for 1, 6 or 12 h. Murine primary hepatocytes were cultured in normal medium with vehicle buffer PBS added as a control (0 h under insulin). Tubulin was included as a loading control. The values
below the gels indicate the ERLIN2 protein signal intensities after normalization to tubulin signal intensities. The graph beside the images shows fold changes of normalized ERLIN2 protein signal
intensities (compared with 0 h control). Results are means + S.E.M. (n=3 experimental repeats); **P < 0.01. (C) Western blot analysis of ERLIN2 protein levels in muring primary hepatocytes
cultured in medium containing LPDS for 1, 6, 12, 24 or 36 h. As a control, murine primary hepatocytes were cultured in normal medium containing 10 % FBS (0 h under LPDS). Tubulin was included
as a loading control. The values below the gels indicate the ERLIN2 protein signal intensities after normalization to tubulin signal intensities. The graph beside the images shows fold changes of
normalized ERLIN2 protein signal intensities (compared with 0 h control). Results are means + S.E.M. (n = 3 experimental repeats); *P < 0.05; **P < 0.01. (D) Western blot analysis of ERLIN2
protein levels in liver tissues of mice given normal chow (NC) or an AHF diet for 6 months. GAPDH was included as a loading control. The values below the gels indicate the ERLIN2 protein signal
intensities after normalization to GAPDH signal. The graph beside the images shows ERLIN2 protein signal intensities in the livers of mice fed with normal chow or AHF diet after normalization to
GAPDH. Results are means + S.E.M. (n=5); **P < 0.01. For (A-D), the experiments were repeated three times and representative data are shown. (E) Quantitative real-time RT-PCR analysis of
expression of ERLINZ2 mRNA in the liver of age-matched male mice given normal chow (NC) or the AHF diet for 6 months. Expression values were normalized to B-actin mRNA levels. The baseline
of the ERLIN2 mRNA level in one of the NC-fed mice was set to 1. Fold changes of the ERLIN2 mRNA levels in other mice were calculated by comparing with the baseline mRNA level. Results are
means + S.E.M. (n = 6 mice per group). “*P < 0.01.

accumulation in Huh-7 cells, consistent with the observation findings support the role of ERLIN2 in de novo lipogenesis and
that ERLIN2 overexpression increased lipid droplet production lipid droplet production.

in MCF10A cells (Figure 2B). It is known that insulin can trigger
de novo lipogenesis in hepatocytes, whereas overload of oleic
acid, a monounsaturated fatty acid, can lead to cytosolic lipid . . . L .
droplet accumulation and steatosis in cultured hepatoma cells ERLIN2 is associated with the activation of SREBPs in cancer cells
[27,28]. To further delineate the effect of ERLIN2 on cytosolic The ER is the organelle responsible for lipid and sterol
lipid droplet production, we challenged non-silencing control, biosynthesis. SREBP1 and SREBP2 are ER transmembrane
ERLIN2-knockdown and ERLIN2-overexpressing Huh-7 cells proteins that play central roles in controlling expression of genes
with insulin or oleic acid. The ERLIN2-knockdown Huh-7 encoding key regulators and enzymes in de novo lipogenesis [21].
cells exhibited significantly less lipid droplet accumulation, Among others, SREBPIc is inducible in liver and adipose tissue
whereas the ERLIN2-overexpressing Huh-7 cells displayed by insulin change or fasting/refeeding conditions, and it plays a
markedly greater hepatic steatosis compared with control Huh-7 critical role in nutritional regulation of lipogenic gene expression
cells, in response to insulin stimulation or oleic acid feeding [21]. Induction of SREBPIc, but not SREBPla or SREBP2,
(Figure 3). The lipid droplet staining results were consistent is evidenced in numerous primary human breast tumours and
with the biochemical quantification of cellular TG levels in the breast cancer cell lines [29]. Previous studies indicated that
related Huh-7 cells (Supplementary Figure S2). Together, these fatty acid synthesis and expression of lipogenic genes in breast
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Figure 2 ERLIN2 regulates levels of cytosolic lipid content in human breast cancer cells

(A) Western blot analysis of ERLIN2 levels in MCF10A cells stably overexpressing LacZ or ERLIN2 through a lentivirus-based expression system. Tubulin was used as a loading control. (B) BODIPY
staining of lipid droplets in MCF10A cells stably overexpressing LacZ or ERLIN2. The cells were counterstained with DAPI. Magnification is x630. (C) Western blot analysis of ERLIN2 levels in
human breast cancer cell line SUM225, in which ERLIN2 is stably knocked down (EN2 KD) and its control cell line (Ctl). GAPDH was used as a loading control. (D) BODIPY staining of lipid droplets
in the ERLIN2 knockdown (KD) and control (ctl) SUM225 cells. Magnification is x630. For (A—D) the experiments were repeated three times and representative data are shown.

cancer is achieved through modulation of SREBPIc, similar to
its regulation in liver and adipose tissue, although the upstream
regulation of lipogenesis differs in these tissues [21,29].

It has been shown that activation of SREBP is controlled by
interactions involving ER-resident proteins that are regulated
by metabolic signals [21]. In particular, the SREBP precursor
proteins interact with ER membrane SCAP, and SCAP binds
to another ER membrane protein called INSIGI to maintain
SREBPs in an inactive state [30]. In response to low sterol
or insulin stimuli, INSIG1 dissociates from SCAP and is
subsequently degraded through ERAD, thus allowing SREBP
activation [30-32]. Because ERLIN2 is an ER lipid raft
protein and has been characterized as a mediator of ERAD
[13,14], we suspected that ERLIN2 might regulate lipogenesis
by modulating the activation of SREBPs and/or ER-associated
degradation of INSIGI. To explore this possibility, we first
examined activation of SREBPlc in a mammary epithelial
cell line (MCF10A) that overexpresses exogenous ERLIN2 or
LacZ control. Levels of the cleaved/activated form of SREBP1c
were significantly higher in the MCF10A cells overexpressing
ERLIN2, compared with that of the cells overexpressing LacZ
(Figure 4A). We further evaluated activation of SREBPIc in
SUMA44, an aggressive human breast cancer cell line in which
the endogenous ERLIN2 gene is amplified and overexpressed
[7] (Figure 2C). We generated SUM44 stable cell lines in
which ERLIN2 was knocked down through a lentivirus-based
shRNA expression system. Supporting a role for ERLIN2 in
regulating SREBP activation, the levels of total cleaved SREBP1c
protein were lower in the ERLIN2 knockdown SUM44 cells,
compared with that in the control cells (Figure 4B). Interestingly,
SREBP cleavage products in SUM44 cells appeared as multiple
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isoforms that might represent phosphorylated or SUMOylated
forms of mature SREBP under different metabolic conditions
[33,34]. Moreover, the levels of the SREBPIc precursor were
also modestly lower in the ERLIN2-knockdown SUM44 cells
(Figure 4B). Additionally, we examined levels of SREBPla in
the ERLIN2-knockdown or control breast cancer cells. Consistent
with the previous observation that SREBP1c, but not SREBP1la
or SREBP2, is induced in human breast tumours and breast
cancer cell lines [29], the ERLIN2 knockdown or overexpressing
breast cancer cell lines express only trace levels of SREBPla
(Supplementary Figure S3 at http://www.Biocheml].org/bj/446/
bj4460415add.htm).

Next, we confirmed the involvement of ERLIN2 in SREBP
activation by using the hepatoma cell line Huh-7. In liver
hepatocytes, activation of SREBPIlc is tightly controlled by
feedback regulation [21]. To circumvent the potential adaptation
of SREBP activation in stable ERLIN2 knockdown Huh-
7 cells, we transiently knocked down ERLIN2 and/or its
functional binding partner, ERLIN1, in Huh-7 cells by using
ON-TARGETplus siRNA SMARTpool® reagents [35]. Transient
knockdown of ERLIN2 and/or ERLIN1 significantly reduced the
levels of mature SREBPI1c proteins in the Huh-7 cells in the
absence or presence of insulin (Figure 4C). Moreover, levels
of cleaved SREBP2 proteins were also reduced in the ERLIN2
and/or ERLIN1 knockdown Huh-7 cells, compared with those in
control Huh-7 cells (Figure 4C and Supplementary Figure S4
at http://www.Biocheml].org/bj/446/bj4460415add.htm). These
results suggest that ERLIN2 plays a role in regulating SREBP
activation. Note that the results obtained with ERLINI-
knockdown cells suggested that ERLIN1 may also be involved
in regulation of SREBP activation. Because ERLIN2 is known to
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Figure 3 ERLIN2 regulates levels of cytosolic lipid content in human hepatoma cells in the absence or presence of metabolic signals

(R) Western blot analysis of ERLIN2 levels in the Huh-7 stable cell line, which was transduced with non-silencing control ShRNA (Ctl), knocked down by ERLIN2 shRNAi (KD) or overexpressed ERLIN2
(OE) via lentivirus. GAPDH was included as a loading control. (B) Qil Red O staining of lipid droplets in the Huh-7 stable cell line, which was transduced with non-silencing control (lenti-non-silence),
ERLIN2 shRNAi (lenti-ERLIN2 shRNAI) or ERLIN2 overexpression (lenti-ERLIN2) lentivirus and treated with vehicle PBS, insulin (100 nM) or oleic acid (0.5 mM) for 12 h. Magnification is x 200.

The experiments were repeated three times and representative data are shown.

dimerize with ERLINT1 to form a functional complex [5,13,14],
it is possible that knockdown of ERLINI may destabilize
ERLIN2 and thus reduce SREBP activation in cancer cells.
The involvement of ERLINI1 in regulating SREBP activation
needs to be further elucidated in the future. Since ERLIN2 has
been proposed as a mediator of ERAD [13,14], we wondered
whether ERLIN2 regulates SREBP activation by facilitating
INSIG1 degradation through the ERAD mechanism. The levels
of INSIG1 proteins were not significantly changed in the ERLIN1-
and/or ERLIN2-knockdown cells compared with the control cells
(Figure 4C). Together, our data suggest that, although expression
of ERLIN2 has a marginal effect on INSIG1 degradation, ERLIN2
regulates SREBP activation in cancer cells.

© The Authors Journal compilation © 2012 Biochemical Society
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To further elucidate the role of ERLIN2 in de novo lipogenesis,
we used ERLIN2 knockdown and control SUM44 or Huh-7 cells
to examine the expression of genes that encode key lipogenic
enzymes or regulators. Quantitative real-time RT-PCR analysis
indicated that expression levels of SREBP1-regulated lipogenic
genes, including ACCI (acetyl-CoA carboxylase 1) and SCDI
(stearoyl-CoA desaturase 1) and other key lipogenic genes,
including DGAT (diacylglycerol O-acyltransferase) 1, DGAT2,
ADRP (adipose differentiation-related protein), FIT1 (fat-
inducing transcript 1), FATP2 (fatty acid transport protein 2) and
FSP27 (fat-specific protein 27), were lower in ERLIN2 knock-
down SUM44 and Huh-7 cells (Supplementary Figures SSA-S5C
at http://www.Biochem].org/bj/446/bj4460415add.htm). We also
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Figure 4 ERLIN2 regulates activation of SREBP1c

(R) Western blot analysis of ERLIN2 and SREBP1c levels in MCF10A cells that stably express
exogenous ERLIN2 or LacZ control. Tubulin was included as a loading control. The values below
the gels represent the ratios of signal intensities of mature SREBP1c to SREBP1c precursor.
(B) Western blot analysis of ERLIN2, SREBP1c and tubulin levels in stable ERLIN2 knockdown
SUM44 cells and control (CTL) SUM44 cells that were transduced by non-silencing shRNA. The
values below the gels represent the ratios of signal intensities of mature SREBP1c to SREBP1c
precursor. (C) Western blot analysis of ERLIN1, ERLIN2, SREBP1¢, SREBP2 and INSIG1 protein
levelsin Huh-7 cells in which ERLIN1 and/or ERLIN2 were transiently knocked down. The ERLINT
and/or ERLINZ genes were transiently knocked down in Huh-7 cells by using ON-TARGETplus
SiRNA SMARTpool® reagents (Dharmacon). The Huh-7 cells transduced with non-silencing
siRNA were included as the control. After 36 h, the control and knockdown cell lines were
treated with PBS vehicle or insulin (100 nM) for 6 h followed by a collection of total cell lysates
for Western blot analysis. The SREBP2 signal was detected by using a monoclonal antibody
against a C-terminal SREBP protein fragment (BD Pharmingen). The values below the gels
represent the ratios of mature SREBP1c to SREBP1c precursor, cleaved SREBP2 to tubulin, and
INSIG1 to tubulin signal intensities. INS, insulin; RNAi, RNA interference; SREBP2-C, cleaved
SREBP2 (C-terminal); SREBP1c-M, mature SREBP1c; SREBP1c-P, SREBP1c precursor; Veh,
vehicle.
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examined expression of lipogenic trans-activators in ERLIN2
knockdown and control Huh-7 cells. Expression levels of the
genes encoding the lipogenic trans-activators PGC [PPARy
(peroxisome-proliferator-activated receptor y) coactivator]-la
and PGC-18 were significantly lower in ERLIN2 knockdown
Huh-7 cells (Supplementary Figure 5D). Additionally, we
examined expression of FAS, a key SREBP1-regulated enzyme
in de novo lipogenesis. Expression levels of FAS mRNA
were only marginally altered by the absence of ERLIN2
(results not shown), whereas FAS protein levels were reduced
in ERLIN2 knockdown Huh-7 cells (Supplementary Figure
S6 at http://www.Biocheml.org/bj/446/bj4460415add.htm). The
discrepancy in the expression patterns between the FAS mRNA
and protein levels might be due to feedback regulation of the
genes involved in lipid homoeostasis [21,23,24].

ERLIN2 interacts with SCAP and INSIG1

To gain further insight into the molecular basis by which ERLIN2
regulates SREBP activation, we tested whether ERLIN2 can
interact with ER-resident protein factors that control SREBP
activation. Through IP Western blot analysis, we first confirmed
the strong interaction between ERLIN1 and ERLIN2 in Huh-7
cells (Figure 5A). We then examined potential interactions
between ERLIN2 and the protein factors that regulate SREBP
activation in the ER, particularly SCAP and INSIG1. Because
ERLIN2, SCAP and INSIG1 are ER-resident proteins, we
performed IP Western blot analyses with ER protein fractions
to detect the interaction between ERLIN2, SCAP and INSIGI1. IP
Western blot analysis indicated that only a small portion of endo-
genous SCAP proteins associated with ERLIN2 in CHO (Chinese
hamster ovary) cells exogenously expressing ERLIN2 and
INSIGI in the presence of insulin or LPDS challenge (Figure 5B).
Moreover, we failed to detect ERLIN2 protein associated with
SCAP in protein lysates pulled down by an anti-SCAP antibody
(results not shown). Therefore the present study excludes the
possibility of any strong or direct interaction between ERLIN2
and SCAP. Next, we evaluated the interaction between
ERLIN2 and INSIG1. Because of a limitation of the anti-INSIG1
antibody in IP analysis, we expressed T7-tagged INSIG1 and V5-
tagged ERLIN2 in CHO cells for IP Western blot analysis. In the
absence of challenges, we detected only a nominal interaction
between ERLIN2 and INSIG1 (Figure 5C). However, significant
amounts of INSIG1 proteins associated with ERLIN2 were
detected in the cells challenged by insulin or LPDS (Figure 5C).
These results suggest a strong interaction between ERLIN2
and INSIGI1 after insulin or LPDS challenge, the metabolic
condition that triggers SREBP activation and de novo lipogenesis
[21]. To further delineate the interaction between ERLIN2 and
INSIG1, we endogenously incorporated photo-reactive amino
acid analogues into the primary sequence of proteins during
synthesis and then UV activated them to covalently cross-link
proteins within protein—protein interaction domains in their native
environment [36-38]. This powerful method enabled us to detect
the intact protein interaction complex within live cells without the
use of completely foreign chemicals or molecular modifiers
that might adversely affect the interaction being studied [37].
Utilizing a photo-reactive amino acids kit, we incorporated photo-
reactive leucine and methionine analogues into the CHO cells
expressing both ERLIN2 and INSIG1. IP Western blot analysis
with photo-reactive amino acid-incorporated UV cross-linked
protein lysates revealed a significant amount of ERLIN2-INSIG1
binding complex formed in the CHO cells after insulin or LPDS
challenge (Figure 5D).
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Figure 5 ERLIN2 interacts with SCAP and INSIG1

(R) IP Western blot analysis of the interaction between ERLINT and ERLIN2 in Huh-7 cells. T cell lysates from Huh-7 cells expressing exogenous ERLIN2 or LacZ were immunoprecipitated with
an anti-ERLIN2 antibody (EN2) or rabbit IgG (negative control). The pulled-down proteins were subjected to immunoblotting analysis using an anti-ERLINT antibody. The levels of ERLINT in total
cell lysates were included as input controls. (B) IP Western blot analysis of the interaction between ERLIN2 and SCAP. CHO cells stably expressing exogenous ERLIN2 protein with a V5 tag were
transfected with a plasmid vector expressing INSIG1 protein with a T7 tag. The transfected CHO cells were treated with PBS vehicle, insulin (INS; 100 nM) for 6 h or were cultured in LPDS medium
for 12 h. As a control (CTL), CHO cells stably expressing exogenous ERLIN2 protein were transfected with a plasmid vector control PGL3 and cultured in normal medium without insulin or LPDS
challenge. ER protein fractions isolated from the CHO cells were immunoprecipitated with an anti-V5 antibody and then subjected to immunoblotting analysis using an anti-SCAP antibody to detect
the interaction between ERLIN2 and SCAP. The levels of SCAP in total cell lysates were determined as input controls. (C) IP Western blot analysis of the interaction between ERLIN2 and INSIG1. The
CHO cells, the plasmid transfection procedure, and the treatments are the same as described for (B). The ER protein fractions isolated from the CHO cells were immunoprecipitated with an anti-V5
antibody and then subjected to immunoblotting analysis using an anti-T7 antibody to detect the interaction between ERLIN2 and INSIG1. The levels of T7-tagged INSIG1 in total cell lysates were
determined as input controls. (D) IP Western blot analysis of ERLIN2—INSIG1 binding complex by using a photo-reactive amino acid incorporation approach. The CHO cells, the plasmid transfection
procedure, and the treatments are the same as described in (B), except that the cells were cultivated with DMEM limiting medium containing photo-reactive leucine and methionine analogues for
241 before UV cross-linking and cell lysate collection. The photo-reactive amino acids incorporated UV cross-linked protein lysates were immunoprecipitated with an anti-V5 antibody and then
subjected to immunoblotting analysis using an anti-T7 antibody to detect the ERLIN2—INSIG1 binding complex. The levels of ERLIN2 in total cell lysates were determined as input controls.

To verify whether ERLIN2 is involved in ER-associated Knockdown of ERLIN2 leads to reduced proliferation rates in

degradation of INSIG1, we determined the levels of INSIGI in cancer cells

Huh-7 cells overexpressing ERLIN1 or ERLIN2 after insulin

or LPDS challenge. Consistent with our previous observation Cancer cells, especially aggressive forms, have a high demand
using transient ERLIN2-knockdown cells (Figure 4C), the for lipid supplies for unlimited cell proliferation. The SREBP
levels of INSIGI were marginally lower in the Huh-7 activities and de novo lipogenesis are functionally relevant
cells overexpressing ERLIN2, compared with those in cells to the cell proliferation rate [39]. Having established the
overexpressing LacZ or ERLIN1 (Supplementary Figure S7 at role of ERLIN2in regulating SREBP activation and lipid
http://www.BiochemlJ.org/bj/446/bj4460415add.htm). Therefore droplet production, we determined whether down-regulation of
ERLIN2 is not likely to play a significant role in mediating endogenous ERLIN2 in cancer cells affects cancer cell growth.
INSIG1 degradation. The interaction between ERLIN2 and To address this question, we examined cell proliferation rates
INSIG1, and loosely with SCAP, might be required for efficient in the human hepatoma cell line Huh-7 or the human breast
SREBP activation by facilitating the dissociation of the SREBP— cancer cell line SUM225 in which ERLIN2 had been knocked
SCAP complex from INSIGI in cancer cells (Supplementary Fig- down. We observed that in the absence of ERLIN2 the Huh-
ure S8 at http://www.Biocheml].org/bj/446/bj4460415add.htm). 7 cells or SUM225 cells displayed a significant reduction in
This hypothesis needs to be further investigated in future studies. both size and number of cell aggregates (Figures 6A and 6B).
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Figure 6 Down-regulation of ERLIN2 reduces cancer cell proliferation rates
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(A) Left-hand panel, morphology of ERLIN2 knockdown and control Huh-7 cells. Magnification is x400. Right-hand panel, levels of ERLIN2 protein in knockdown (KD) and control (CTL) Huh-7
cells were determined by Western blot analysis. (B) Morphology of ERLIN2 knockdown and control SUM225 cells. Magnification is x400. Levels of ERLIN2 protein in knockdown and control
SUM225 cells were determined by Western blot analysis. (C and D) Cell proliferation assays with the stable ERLIN2 knockdown Huh-7 (G) or SUM225 (D) cells and control cells. On day 1, the same
number of ERLIN2 knockdown or control cells was seeded (5000 cells per well). The cell proliferation rate at each time point was represented by a 570-nm absorbance reading determined by MTT

assay. Results are means + S.E.M. (n= 3 biological samples). **P < 0.01.

Cell growth and proliferation analyses indicated that knockdown
of ERLIN2 reduced proliferation rates of Huh-7 cells and
SUM225 cells (Figures 6C and 6D). After 10 days in cell culture,
the proliferation rates of ERLIN2 knockdown Huh-7 cells or
SUM225 cells were significantly lower than that of control
cells. The reduced cancer cell proliferation rates, caused by
down-regulation of ERLIN2, are consistent with the role of
ERLIN2 in regulating de novo lipogenesis. This result implies
that targeting ERLIN2 could be an effective therapeutic approach
for aggressive cancers by down-regulating de novo lipogenesis in
cancer cells.

DISCUSSION

The present study provides important new information about
the role and mechanism of the ER lipid raft protein factor
ERLIN2 in lipid metabolism associated with tumour cell growth
and malignancy maintenance. The ERLIN2 gene is amplified and
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overexpressed in the luminal subtype of human breast cancer that
is associated with reduced metastasis-free survival rate [7-9,12].
Our work demonstrated that ERLIN2 is preferably expressed in
aggressive breast cancer cell lines and in mouse fatty liver tissue,
and it is inducible by insulin or LPDS-containing culture medium
(Figure 1). We found that ERLIN2 modulates the activation of
SREBPIc, the key regulator of lipid and cholesterol metabolism,
in cancer cells (Figure 4). Consistently, cytosolic lipid droplet
production, a reflection of de novo lipid/cholesterol metabolism,
could be modulated by up- or down-regulation of ERLIN2 in
human breast cancer cells or hepatoma cells (Figures 2 and 3).
As a result of decreased lipogenesis, and other possible effects,
cancer cell proliferation rates were reduced when ERLIN2 was
down-regulated (Figure 6). These findings not only contribute
to our understanding of the regulatory mechanism of activation
of SREBPs in cancer cells, but could also inform novel therapy
and pharmaceutical interventions to control cancers, especially
aggressive forms.
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Previously, ERLIN?2 was characterized as a mediator of ERAD
of activated inositol trisphosphate receptors, the key component of
the ER Ca’* -release channel, and of the cholesterol biosynthetic
enzyme HMG-CoA reductase [13-15]. The ERLIN1-ERLIN2
complex interacts with the membrane-bound ubiquitin ligase
GP78 and the substrate inositol trisphosphate receptors or HMG-
CoA reductase, leading to polyubiquitination and subsequent
degradation of these substrates. Activation of SREBPs, the key
regulators of lipid and sterol biosynthesis, is regulated by the
binding activities of ER-resident proteins, including INSIG1 and
SCAP [21]. Because SCAP escorts SREBP from the ER to the
Golgi for proteolytic processing into an active transcription factor,
the binding of SCAP by INSIG1 effectively prevents SREBP
activation [30]. Degradation of the INSIG1 protein through ERAD
is an important process that is associated with the activation
of SREBPs [31,32]. The present study showed that ERLIN2
interacts with INSIG1 and is weakly associated with SCAP
after insulin signalling or LPDS culture (Figure 5). Because
INSIG1 interacts with SCAP, it is possible that ERLIN?2 indirectly
associates with SCAP by interacting with INSIG1. We showed
that ERLIN2 regulates cleavage of SREBPI1c in human breast
cancer cells or hepatoma cells (Figure 4). However, ERLIN2 does
not likely play a significant role in degrading INSIG1, although
it interacts directly with INSIG1 in response to metabolic signals
(Figure 4C and Supplementary Figure S7). On the basis of these
results, we propose that ERLIN2 might interact with the INSIG1—
SCAP binding complex by directly binding to INSIGI1 after
insulin or LPDS challenge. Consequently, ERLIN2 and INSIG1
interaction facilitates the dissociation of SCAP from INSIGI,
thus promoting SREBP activation and de novo lipogenesis in
cancer cells (Supplementary Figure S8). The ERLIN2-mediated
regulation of SREBP and thus of de novo lipogenesis might
represent an important enhancing mechanism in lipid and energy
metabolism that helps cancer cells gain their growth advantage.

During tumorigenesis, uncontrolled proliferation of cancer cells
requires elevated de novo lipogenesis to meet the high demand
for lipids and energy [2]. Shifting lipid acquisition toward de
novo lipogenesis dramatically changes membrane properties and
protects cells from both endogenous and exogenous insults.
Our work suggests that ERLIN2, which is highly expressed in
aggressive human breast cancer cells, supports malignancy by
promoting de novo lipogenesis. Down-regulation of ERLIN2 can
reduce cytosolic lipid droplet content and slow the proliferation
rate of cancer cells. Therefore targeting ERLIN2 might reduce
resistance of aggressive cancers to therapy and thus improve
the effectiveness of conventional anti-cancer drugs. The present
study has also raised many immediate and important questions.
For example, what is the precise mechanism by which ERLIN2
regulates activation of SREBPs? Does ERLIN2 interact with
other ER-resident lipogenic regulators, such as the hepatocyte-
specific CREBH (cAMP responsive element binding protein)
[40,41], to regulate lipid metabolism in cancer cells? Our data
showed that ERLIN2 is involved in lipid droplet accumulation
in the cells incubated with oleic acid (Figure 3B). Given that
the oleic acid-induced response is not dependent upon de novo
lipogenesis, ERLIN2 may also act on other pathways to facilitate
cytosolic lipid accumulation. In the future, it will be interesting
to investigate additional roles of ERLIN2in promoting lipid
accumulation. Additionally, the present study only demonstrated
the regulation of SREBP activation and lipogenesis by ERLIN2 in
a panel of cancer cells. Interestingly, expression of ERLIN2 was
elevated in fatty liver tissues (Figure 1). Therefore, it is plausible
to speculate that ERLIN2 may also regulate lipid metabolism in
fatty liver disease. All of these questions merit future research
in ERLIN2.
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Origins and culture conditions for the cancer cell lines used in the
present study

The SUM44 cell line was established from pleural effusion-
derived breast cancer cells [1]. SUM44 cells were cultured in
Ham’s F12 medium supplemented with 0.1 % BSA, fungizone
(0.5 ng/ml), gentamicin (5 pug/ml), ethanolamine (5 mmol/l),
Hepes (10 mmol/l), transferrin (5 png/ml), T3 (3,3,'5-triiodo-
L-thyronine; 10 umol/l), selenium (50 wmol/l), hydrocortisone
(1 ng/ml) and insulin. The SUM225 cell line was established
from a chest wall recurrence of ductal carcinoma in situ of breast
[2]. SUM225 cells were cultured with 5% FBS, fungizone
(0.5 pg/ml), gentamicin (5 pg/ml), hydrocortisone (1 pg/ml) and
insulin (5 pg/ml). Each of these cell lines, from a single human
patient, represents a different subtype of breast cancer [1, 2]. All
of the currently known oncogenes with altered expression patterns
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in breast cancer are well represented and have been characterized
in the SUM lines. These cell lines have been described in over 50
peer-reviewed publications in cancer research.

MCFI0A is a spontaneously immortalized, but non-
transformed, human mammary epithelial cell line derived from the
breast tissue of a 36-year-old patient with fibrocystic changes [3].
MCF10A cells were cultured in Ham’s F12 medium supplemented
with 0.1 % BSA, fungizone (0.5 ng/ml), gentamicin (5 pg/ml),
ethanolamine (5 mmol/l), Hepes (10 mmol/l), transferrin
(5 pg/ml), T3 (10 pwmol/l), selenium (50 pwmol/l), hydrocortisone
(1 png/ml), insulin (5 pwg/ml) and 10 ng/ml epidermal growth
factor.

Huh-7 is a hepatocellular carcinoma cell line that was originally
derived from a liver tumour in a Japanese male [4]. This cell line
was cultured in DMEM containing 10 % FBS, L-glutamine and
antibiotics at 37°C in a 5 % CO, environment.
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Quantitative real-time RT-PCR analysis of ERLIN2 mRNA expression in murine primary hepatocytes in response to insulin or LPDS challenge

(A) Murine primary hepatocytes were challenged with insulin (100 nM) for 1, 6 or 12 h. Murine primary hepatocytes were cultured in normal medium with vehicle buffer PBS added as a control
(0h under insulin). (B) Murine primary hepatocytes were cultured in medium containing LPDS for 1, 6, 12, 24 or 36 h. As a control, murine primary hepatocytes were cultured in normal medium
containing 10 % FBS (0 h under LPDS). For (A and B), total RNAs were isolated from the primary hepatocytes after the treatment, and quantitative real-time RT-PCR was performed to determine
ERLINZ mRNA expression levels in the primary hepatocytes after insulin or LPDS challenge. The mRNA expression values were determined after normalization to internal control GAPDH mRNA
levels. The baseline of the ERLIN2 mRNA level in the hepatocytes challenged with insulin or LPDS at 0 h was set to 1. After the treatments, fold changes of ERLIN2 mRNA levels in the hepatocytes
were calculated by comparison to the baseline mRNA level. Results are means + S.E.M. (n = 3 experiments). *P < 0.05; **P < 0.01.
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Figure S2 Biochemical quantification of cellular TG levels in MCF10A, SUM225, SUM44 and Huh-7 cells

Levels of total cellular TG were determined using a TG measurement kit from BioAssay System. TG levels were presented after normalization to net weights of cellular pellets. For Huh-7 cells, ERLIN2
knockdown or control (CTL) stable cell lines were incubated with vehicle PBS, insulin (100 nM), or oleic acid (0A) (0.5 mM) for 12 h. (A) Cellular TG levels in MCF10A cells expressing exogenous
LacZ or ERLIN2. (B) Cellular TG levels in ERLIN2 knockdown or control SUM225 cells. (C) Cellular TG levels in ERLIN2 knockdown or control SUMA44 cells. (D) Cellular TG levels in ERLIN2
knockdown or control Huh-7 cells treated with PBS vehicle. (E) Cellular TG levels in ERLIN2 knockdown or control Huh 7 cells treated with insulin. (F) Cellular TG levels in ERLIN2-knockdown or

control Huh-7 cells incubated with oleic acid. Results are means + S.E.M. (n=13). *P < 0.05.
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Figure 83 Western blot analysis of SREBP1c and SREBP1a protein levels
in MCF10A expressing LacZ control or ERLIN2 and in ERLIN2 knockdown or
control SUM44 cells

Tubulin was included as a loading control. LacZ, LacZ overexpression; EN2, ERLIN2
overexpression; Ctl, non-silence control; shRNA, ERLIN2 shRNA knockdown; SREBP1a-P,
SREBP1a precursor, SREBP1a-M, mature SREBP1a; SREBP1c-P, SREBP1c precursor; and
SREBP1c-M, mature SREBP1c. Note that our data showed that SUM44 and MCF10A cells
only express trace levels of SREBP1a, which is consistent with the published conclusion that
SREBP1c, but not SREBP1a or SREBP2, is induced in human breast cancer cell lines [5].
Interestingly, our data shows that expression levels of SREBP1a were decreased in MCF10A
cells overexpressing ERLIN2, whereas SREBP1a levels were increased in ERLIN2 knockdown
SUM44 cells. The correlation of SREBP1a levels with ERLIN2 induction and malignancy states
is an interesting question to be elucidated in the future.
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Figure S4 Western blot analysis of cleaved SREBP2 protein levels in Huh-7
cells that were transduced by non-silencing or ERLIN2 shRNAi lentivirus

The Huh-7 cells were treated with vehicle PBS or insulin (100 nM) for 6 h or cultured in
LPDS-containing medium for 12 h. Tubulin was included as a loading control. SREBP2 protein
signals were detected by using an antibody against the N-terminal SREBP protein fragment
(Cayman Chemicals). The values below the gels represent the ratios of mature cleaved SREBP2
to SREBP2 precursor signal intensities. Ctl, control cells treated with vehicle PBS; INS, insulin;
SREBP2-N, cleaved SREBP2 (N-terminal); SREBP2-P, SREBP2 precursor.

© The Authors Journal compilation © 2012 Biochemical Society



G. Wang and others

A B

SUM44 Huh-7 cells
Lipid droplet & lipogenesis Lipid biosynthesis
12 1 O Non-silence G O Non-silence
a W ERLINZ2 KD 9 B ERLINZ KD
()]
2 1 c 1
@ @
S 0.8 - T : E 1
e % % 0.8 1| |..
S =
‘-‘;05 E # 0.6 -
© ()
g 0.4 - E-‘ 0.4 -
<
% 0.2 - = 0.2 -
(i id
E o L E oL
DGAT2 ACC1 ADRP SCD1 FATP2 DGAT1 DGAT2 SCD1

(9]
O

Huh-7 cells Huh-7 cells
Lipid droplet & lipogenesis Lipogenic trans-activators
1.2 - O Non-silence =12 7 O Non-silence
@ B ERLIN2KD @ B ERLIN2KD
o 1 2 1
] * ©
= E *
g 0.8 1 B 5 08 1| |us
o S
= 0.6 4 @ 0.6
o @
3044 3 04 1
Z 02 4 Z 02 -
x 1
= o U £ o L
ERLINZ FSP27 ADRP FIT1 PGC1o. PGC1p PPARy

Figure S5 Quantitative real-time RT-PCR analysis of expression of lipogenic genes in ERLIN2 knockdown and non-silenced control Huh-7 or SUM44 cells

(R) Expression of the genes involved in lipid droplet formation and lipogenesis, including DAGT2, ACC1, ADRP, and SCD1, in ERLIN2-knockdown and control SUM44 cells. (B) Expression of the
genes involved in lipid biosynthesis, including FATP2, DGAT1, DAGT2 and SCD1, in ERLIN2 knockdown and control Huh-7 cells. (C) Expression of the ERLIN2 gene and the genes involved in lipid
droplet formation and lipogenesis, including FSP27, ADRP and FIT1, in ERLIN2 knockdown and control Huh-7 cells. (D) Expression of the genes encoding the lipogenic trans-activators PGCle,
PGC18 and PPARy 2 in ERLIN2 knockdown and control Huh-7 cells. For (A-D), total RNAs were isolated from the cells, and quantitative real-time RT-PCR was performed to determine mRNA
expression levels. The mRNA expression values were determined after normalization to internal control GAPDH mRNA levels. To determine the expression praofile for a particular gene, the baseline
mRNA level in control cells was set to 1. Fold changes in the mRNA levels of the ERLIN2-knockdown cells were calculated by comparison with the baseline mRNA level. Results are means + S.E.M.
(n=3 experimental repeats). *P < 0.05; **P < 0.01. ACC1, acetyl-CoA carboxylase 1; ADRP, adipose differentiation-related protein; FATP2, fatty acid transport protein 2; FIT1, fat-inducing
transcript 1; FSP27, fat-specific protein 27; PPAR, peroxisome-proliferator-activated receptor.
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Figure S6 Western blot analysis of FAS protein levels in Huh-7 cells
that were transduced by non-silencing or ERLIN2 shRNAi lentivirus in the
presence or absence of oleic acid treatment

The non-silencing control or ERLIN2 knockdown Huh—7 cells were treated with vehicle PBS or
oleic acid (OA) (0.5 mM) for 12 h. Tubulin was included as a loading control. The values below
the gels represent the ratio of FAS to tubulin signal intensities.
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Figure S7 Western blot analysis of INSIG1 protein levels in the Huh-7
cell line that was transduced by lentivirus overexpressing LacZ, ERLIN1 or
ERLIN2

Cell lysates were prepared from the Huh-7 cell lines cultured in normal medium (Ctl), LPDS
medium for 12 h, or challenged with insulin (INS, 100 nM) for 6 h. Tubulin was included as a
loading control. The values below the gels represent INSIG1 signal intensities after normalization
to tubulin signal intensities.
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Figure S8 A working model for regulation of SREBP activation by ERLIN2

SREBP activation

In response to insulin or LPDS challenge, ERLIN2 interacts with the INSIG1—SCAP binding complex by directly binding to INSIG1. The interaction between ERLIN2 and INSIG1 facilitates the
dissociation of SCAP from INSIG1, thus promoting SREBP-SCAP complex release from the ER to Golgi for SREBP processing.

Table $1

Sequence information for the real-time PCR analysis

ACC1, acetyl-CoA carboxylase 1; ACTB, B-actin; ADRP, adipose differentiation-related protein;
FATP2, fatty acid transport protein 2; FIT1, fat-inducing transcript 1; FSP27, fat-specific protein

27.

Gene symbol  Forward primer (5'—3') Reverse primer (5'—3')

PGC1a TATGGAGTGACATAGAGTGTGCT CCACTTCAATCCACCCAGAAAG
PGC1B8 AGAAGCTCCTCCTGGCCACATCCT ~ GCCTTCTTGTCTTGGGTGCTGTCC
ERLIN2 GAACCAGTGGTGGTGTGATG TATGAACGCTGCAGAACTGG
FSP27 GAGTCCAACGCAGTCCAGCTGAC GCAGCTGCTGGGTCACCACAG
ACC1 AGGGCTAGGTCTTTCTGGAAGTGGA  TCAGCTCCAGAGGTTGGGCCA
DGAT1 CCGTGAGCTACCCGGACAAT AGGATCCGTCGCAGCAGAA
DGAT2 TTTCGAGACTACTTTCCCATCCA TGGCCTCTGTGCTGAAGTTG
ADRP GATGGCAGAGAACGGTGTGAA TCAATCCTGTCTAGCCCCTTACAG
SCD1 CTGCCCCTACGGCTCTTTCT ACGTCGGGAATTATGAGGATCA
PPARy 2 CCTATTGACCCAGAAAGCGATT CATTACGGAGAGATCCACGGA
FIT1 TTCGCCAGCCACGGCAACTT GCGCCGTGTAGCCAGGAACA
FATP2 CCACAGGTCTTCCAAAAGCAGCCA  GTGCAGCACTGTGGTAAAAGGGCA
ACTB AGCCTCGCCTTTGCCGATCCG ACATGCCGGAGCCGTTGTCGA
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Abstract: Endoplasmic Reticulum (ER) stress refers to a condition of accumulation of unfolded or misfolded proteins
in the ER lumen. A variety of biochemical stimuli or pathophysiologic conditions can directly or indirectly induce ER
stress, leading to activation of an ER-originated adaptive signaling response called Unfolded Protein Response (UPR).
Recent studies demonstrated that ER stress and UPR signaling are critically involved in the initiation and progression
of many diseases, such as metabolic disease, cardiovascular disease, neurodegenerative disease, and cancer. In this
study, we show that ER stress induced by pharmacologic reagents, including tunicamycin (TM) and thapsigargin (Tg),
promotes hepatic lipogenesis and lipid droplet formation. Using quantitative gene expression analysis, we identified 3
groups of key lipogenic regulators or enzymes that are inducible by pharmacological ER stress in a human hepatoma
cell line Huh-7. These ER stress-inducible lipogenic factors include: 1) lipogenic trans-activators including CCAAT/
enhancer binding protein alpha (C/EBP«), peroxisome proliferator-activated receptor gamma (PPARy), PPARy coacti-
vator l-alpha (PGC1c), and Liver X receptor alpha (LXRa); 2) components of lipid droplets including fat-specific pro-
tein 27 (FSP27), adipose differentiation related protein (ADRP), fat-inducing transcript 2 (FIT2), and adipocyte lipid-
binding protein (AP2); 3) key enzymes involved in de novo lipogenesis including acetyl-CoA carboxylase 1 (ACC1) and
stearoyl-CoA desaturase-1 (SCD1). Supporting the role of pharmacologic ER stress in up-regulating de novo lipogene-
sis, TM or Tg treatment significantly increased accumulation of cytosolic lipid droplet formation in the hepatocytes.
Moreover, we showed that forced expression of an activated form of X-box binding protein 1 (XBP1), a potent UPR
trans-activator, can dramatically increase expression of PPARy and C/EBPa in Huh-7 cells. The identification of ER
stress-inducible lipogenic regulators provides important insights into the molecular basis by which acute ER stress
promotes de novo lipogenesis. In summary, the findings from this study have important implication in understanding
the link between ER stress and metabolic disease.

Keywords: Endoplasmic reticulum (ER) stress, hepatic lipogenesis, lipid droplet formation

Introduction expression of misfolded proteins, can disrupt ER

homeostasis, impose stress to the ER, and sub-
In eukaryotic cells, the ER is the site of folding sequently lead to accumulation of unfolded or
of membrane and secreted proteins, synthesis misfolded proteins in the ER lumen. To cope
of lipids and sterols, and storage of free calcium with accumulation of unfolded or misfolded pro-
[1, 2]. As a protein-folding compartment, the ER teins in the ER, the cell has evolved highly spe-
is exquisitely sensitive to alterations in homeo- cific signaling pathways called the unfolded pro-
stasis, and provides stringent quality control tein response (UPR) to reduce the amount of
systems to ensure that only correctly folded pro- new proteins translocated into the ER lumen,
teins transit to the Golgi and unfolded or mis- increase retrotranslocation and degradation of
folded proteins are retained in the ER and ulti- ER-localized proteins, and bolster the protein-
mately degraded. A number of biochemical stim- folding capacity and secretion potential of the
uli and physiological and pathological proc- ER [2]. The UPR is orchestrated by transcrip-
esses, such as perturbation in calcium homeo- tional activation of multiple genes mediated by
stasis, elevated secretory protein synthesis, and the protein kinase/endoribonuclease IRE1
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(inositol-requiring 1) and the b-ZiP transcription
factor ATF6 (activating transcription factor 6),
and a general decrease in translation initiation
and the selective translation of specific mRNAs
mediated by the protein kinase PERK (double-
strand RNA-activated kinase-like ER kinase) [1-
4].

Liver is a major organ responsible for lipid and
glucose metabolism. Dysregulation of hepatic
lipid metabolism is closely associated with the
initiation and progression of metabolic syn-
drome. Recent studies suggest that ER stress
response plays important roles in maintaining
lipid homeostasis [5-9]. The UPR branches
through IRE1a and/or ATF6 is required to pre-
vent hepatic steatosis upon acute ER stress [6,
7, 10]. It has also been shown that the IRE1a/
XBP1 UPR branch is activated by the dietary
high-carbohydrate and controls the expression
of lipogenic enzymes, such as ACC2, DGAT2 and
SCD1, that are essential for fatty acid and cho-
lesterol biosynthesis [11]. Moreover, the UPR
pathway through PERK/elF2a was documented
to be required for the expression of lipogenic
genes and the development of hepatic steatosis
[9]. Together, these observations suggest that
ER stress and the UPR signaling are critically
involved in regulating hepatic lipid metabolism.

In this study, we utilized two structurally-
unrelated ER stress-inducing reagents, tunica-
mycin (TM) and Thapsigargin (Tg), to induce
pharmacologic ER stress in Huh-7, a human
hepatoma cell line that maintains key features
of hepatic lipid metabolism [12]. Through this
approach, we confirmed the effect of pharma-
cologic ER stress in up-regulating de novo lipo-
genesis and lipid droplet formation. Importantly,
we have identified a subset of genes encoding
key lipogenic trans-activators and enzymes,
which are inducible by acute ER stress. The re-
sults from this study provide important insights
into ER stress-induced hepatic lipogenesis

Materials and methods
Materials

Chemicals were purchased from Sigma unless
indicated otherwise. Synthetic oligonucleotides
were purchased from Integrated DNA Technolo-
gies, Inc. (Coralville, IA). Antibodies against
XBP1, C/EBPa, and PPARy were from Santa
Cruz Biotechnologies, Inc (Santa Cruz, CA). Anti-
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bodies against GAPDH and B-actin were pur-
chased from Sigma (St. Louis, MO). Tunicamycin
was from Sigma. BODIPY staining kit was pur-
chased from Invitrogen. Human hepatoma cell
line Huh-7 was kindly provided by Drs. Christo-
pher M. Schonhoff (Tufts University Cummings
School of Veterinary Medicine).

Huh-7 cell culture and TM and Tg treatment

HuH-7 cells were cultured at 37 °C and 5% CO2
in DMEM containing high glucose (25 mM) sup-
plemented with 2 mM L-glutamine, 1 mM so-
dium pyruvate, and 10% heat-inactivated fetal
bovine serum (FBS), 100 units/ml penicillin,
and 100 pg/ml streptomycin. Huh-7 cells at
70% confluency were treated with tunicamycin
(TM; 5, 10, and 20 ug/ml) or thapsigargin (Tg;
0.5, 1, and 1.5 uM) or vehicle PBS for 6, 12,
and 24 hrs.

BODIPY staining of lipid droplets

Cells were washed with PBS, fixed with 3% for-
maldehyde for 15 min, and stained with BODIPY
493/503 (Invitrogen, stock concentration 1mg/
ml, working solution 1:1000 dilution) for 15min
at room temperature. Cells were then mounted
with Prolong gold anti-fade reagent (Invitrogen)
followed by washing in PBS for 3 times.

Western Blot and IP-Western blot Analyses

To determine expression levels of XBP1, PPARYy,
C/EBP«, and GAPDH, total cell lysates were pre-
pared from cultured Huh-7 cells using NP-40
lysis as previously described [13]. Denatured
proteins were separated by SDS-PAGE on 10%
Tris-glycine polyacrylamide gels and transferred
to a 0.45-mm PVDF membrane (GE Healthcare).
Membrane-bound antibodies were detected by
an enhanced chemiluminescence detection
reagent (GE Healthcare).

Recombinant adenoviral infection

Huh-7 cells at 60% confluency were infected by
recombinant adenovirus expressing GFP or an
activated form of XBP1 protein at an MOI of 100
for 48 hours before cell lysates were collected
for Western blot analysis. Adenovirus expressing
spliced XBP1 was kindly provided by Dr. Umut
Ozcan (Harvard University) [14]. Recombinant
adenovirus expressing GFP was kindly provided
by Dr. Jiande Lin (University of Michigan).

Am J Transl Res 2012;4(1):102-113
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Quantitative real-time RT-PCR analysis

For real-time PCR analysis, the reaction mixture
containing cDNA template, primers, and SYBR
Green PCR Master Mix (Invitrogen) was run in a
7500 Fast Real-time PCR System (Applied Bio-
systems, Carlsbad, CA). The real-time PCR
primer sequences used in this study are de-
scribed in supplemental information. Fold
changes of mRNA levels were determined after
normalization to internal control B-actin RNA
levels.

Statistics analysis

Experimental results are shown as mean %
STDEV (for variation between experiments). The
mean values for biochemical data from the ex-
perimental groups were compared by a paired
or unpaired, 2-tailed Student’s t test. Statistical
tests with P < 0.05 were considered significant.

Results

Pharmacologic ER stress induced by TM or Tg
promotes lipid droplet formation

To study the effect of pharmacologic ER stress
on hepatic lipid metabolism, we challenged a
human hepatoma cell line, Huh-7, with two
structurally-unrelated ER stress-inducing drugs,
tunicamycin (TM) and Thapsigargin (Tg). Huh-7
is a human hepatocellular carcinoma cell line
that has been used for studying hepatic lipid
metabolism [12]. TM is a bacterial nucleoside
antibiotic that can block N-linked glycoproteins
and cause accumulation of unfolded or mis-
folded proteins in the ER [15]. Tg is a specific
inhibitor of intracellular SERCA-type Ca2* pumps
present in the sarcoplasmic/ER [16, 17]. Tg
treatment can disrupt ER calcium homeostasis,
leading to accumulation of unfolded or mis-
folded proteins in the ER lumen. Both TM and
Tg have been routinely used as experimental
tools to induce pharmacologic ER stress [18].
To delineate gene expression profiles in hepatic
lipid metabolism upon pharmacologic ER stress
challenge, Huh-7 cells were treated with TM at
doses ranging from 5 to 20 uyg/ml or Tg at
doses ranging from 0.5 to 1.5 uyM. The time
intervals for each treatment were 6, 12, and 24
hours. Quantitative real-time RT-PCR analysis
indicated that expression of the UPR target
MRNA or genes, including spliced Xbp1l mRNA,
Bip, and Chop, was increased upon TM or Tg
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treatment in a dose-and time-dependent man-
ner (Figure 1). This result suggests that TM and
Tg can efficiently induce ER stress and activa-
tion of the UPR signaling in Huh-7 cells. Note
that the levels of the spliced XBP1, CHOP, and
BiP mRNAs in Huh-7 cells under different doses
of TM treatment were comparable at 24 hours
post TM treatment (Figure 1A-C), suggesting
that Huh-7 cells can adapt to ER stress at the
late stage of TM treatment.

Next, we evaluated the impact of pharmacologic
ER stress in de novo hepatic lipogenesis, a key
lipid synthesis progress that is tightly regulated
by multiple layers of metabolic and stress sig-
nals [19, 20]. We examined the production of
cytosolic lipid droplets, a major indicator of de
novo lipogenesis, in the Huh-7 cells upon TM or
Tg challenge. Production of cytosolic lipid drop-
lets, as indicated by Bodipy staining, was signifi-
cantly increased in the Huh-7 cells after 6 hours
of TM or Tg treatment, compared to that after
vehicle treatment (Figure 2). This result sug-
gests that pharmacologic ER stress induced by
TM or Tg can promote hepatic lipid droplet for-
mation.

Challenge of TM or TG up-regulates expression
of the genes encoding key lipogenic trans-
activators

To understand the mechanism by which phar-
macologic ER stress promotes lipid droplet for-
mation, we first tested whether TM or Tg can up-
regulate trans-activators in de novo lipogenesis.
Huh-7 cells were treated with different doses of
TM or Tg for a time course from 6, 12, to 24
hours. Quantitative real-time RT-PCR analysis
was performed with the TM or Tg-treated Huh-7
cells to determine ER stress-inducible target
genes in trans-activation of de novo lipogenesis.
Among known lipogenic trans-activators we ex-
amined, expression of the genes encoding lipo-
genic  trans-activators  including  CCAAT/
enhancer binding protein alpha (C/EBPa), per-
oxisome proliferator-activated receptor gamma
2 (PPARy2), PPARYy coactivator 1-alpha (PGCla),
and Liver X receptor alpha (LXRa) was signifi-
cantly increased in the Huh-7 cells under the
treatment of TM or Tg (Figure 3A-D). Although all
these genes are inducible by TM or Tg, the ex-
pression dynamics of these genes were differ-
ent upon TM or Tg challenge. Expression of the
C/EBPa, LXRa, and PGCla genes was inducible
by TM or Tg in the time windows from 6 to 24

Am J Transl Res 2012;4(1):102-113
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Figure 1. Quantitative real-time RT-PCR analysis of the mRNAs encoding spliced XBP1 (A), CHOP (B), and BiP (C) in
Huh-7 cells. Total RNAs were isolated from Huh-7 cells treated with TM (5, 10, and 20 pg/ml) or Tg (0.5, 1, and 1.5
uM) for 6, 12 and 24 hrs. Fold changes of mRNA are shown by comparing to the vehicle-treated control. Each bar
denotes mean £ SEM (n= 3). * p<0.05; ** p<0.01.
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Control

Figure 2. Bodipy staining of lipid droplets in Huh-7 cells. Huh-7 cells were treated with TM (10 pg/ml) or Tg (1 uM) for
6 hrs and then stained with Bodipy for lipid droplets. Magnification: 630 x.

hours post treatment (Figure 3A, C and D). How-
ever, expression of the gene encoding PPARy2
was only inducible at 12 hours after TM or Tg
treatment (Figure 3B). Both TM and Tg chal-
lenge failed to increase PPARy2 expression at
either early 6 hours or late 24 hours post treat-
ment. It has been documented that PPARy2,
which is usually expressed in adipose tissue, is
inducible in steatotic livers, and contributes to
increased de novo lipogenesis [19, 21-23]. Our
data suggest that pharmacologic ER stress can
induce expression of PPARy2 in hepatocytes
that may contribute to ER stress-induced lipo-
genesis and lipid droplet formation.

TM or TG treatment promotes expression of
genes encoding key enzymes in lipid droplet
formation and triglyceride synthesis

We extended our effort in understanding phar-
macologic ER stress-induced hepatic lipogene-
sis by identifying ER stress-inducible target
genes in lipid droplet formation and triglyceride
synthesis [19]. Through quantitative real-time
RT-PCR analysis, we found that expression of
the genes encoding key factors in lipid droplet
formation, including fat-specific protein 27
(FSP27), adipose differentiation related protein
(ADRP), fat-inducing transcript 2 (FIT2), and adi-
pocyte lipid-binding protein (AP2), was in-
creased in Huh-7 cells challenged with TM or Tg
(Figure 4). All these genes were inducible by TM
or Tg at 6 hours post treatment. However, ex-
pression of ADRP and FSP27 was reduced in
Huh-7 cells at 24 hours post TM treatment
(Figure 4A-B). The expression patterns of ADRP
and FSP27 were similar to those of the classic
ER stress targets including XBP1, CHOP, and
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BiP (Figure 1A-C), implying that an ER stress-
associated negative feedback regulation may
exist for expression of the ADRP and FSP27
genes (Figure 4). In contrast, expression of
AP2, a protein factor involved in lipid transport
and storage in lipogenesis and lipolysis [24],
was increased in response to TM or Tg treat-
ment from 6 to 24 hours (Figure 4D), suggesting
a prominent regulation of AP2 gene expression
by ER stress. Moreover, we identified two key
enzymes required for triglyceride synthesis, ace-
tyl-CoA carboxylase 1 (ACC1), and stearoyl-CoA
desaturase-1 (SCD1), were inducible by TM or
Tg in Huh-7 cells in a dose- and time-dependent
manner (Figure 5). Because triglyceride is the
core component of lipid droplet, increased ex-
pression of key enzymes or protein regulators in
triglyceride synthesis and lipid droplet formation
may account for ER stress-induced lipid droplet
formation.

Activated XBP1 increases expression of PPARy
and C/EBPa in hepatoma cells

To verify the role of the UPR signaling in regulat-
ing expression of lipogenic genes, we forcibly
expressed an activated form of human XBP1, an
ER stress-inducible transcription factor, in Huh-
7 cells by utilizing an adenoviral-based over-
expression system. As a control, Huh-7 cells
were infected by an adenovirus over-expressing
GFP. Under ER stress, the UPR transducer IREx
is activated to function as an RNase that splices
the mRNA encoding X-box binding protein 1
(XBP1) [25-27]. The spliced XBP1 mRNA, but
not the unspliced XBP1 mRNA, encodes an acti-
vated transcription factor that potently activates
the UPR target genes. Through Western blot

Am J Transl Res 2012;4(1):102-113
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Figure 3. Quantitative real-time RT-PCR analysis of the mRNAs encoding key lipogenic trans-activators, including C/
EBPa (A), PPARy2 (B), PGC1a (C), and LXRa (D), in Huh-7 cells. Total RNAs were isolated from Huh-7 cells treated with
T™ (5, 10, and 20 pg/ml) or Tg (0.5, 1, and 1.5 uM) for 6, 12 and 24 hrs. Fold changes of mRNA are shown by com-
paring to the vehicle-treated control. Each bar denotes mean + SEM (n= 3). * p<0.05; ** p<0.01.

analysis, we confirmed that expression levels of
the activated form of XBP1 protein (encoded by
the spliced XBP1 mRNA), but not the inactivated
XBP1 protein, were significantly increased in
Huh-7 cells infected by the adenovirus express-
ing the activated form of human XBP1 (Figure
6A-B). Consistent with the gene expression
analysis, Huh-7 cells expressing the activated
XBP1 produced much higher levels of PPARy
and C/EBPq, two key lipogenic trans-activators,
compared to those expressing GFP (Figure 6A-
B). These results confirm the role of the UPR in
activating hepatic lipogenesis. It should be
noted that over-expression of the activated
XBP1 has mild or no effects on activating ex-
pression of other lipogenic regulators or en-
zymes that are inducible by ER stress challenge
(data not shown), suggesting that ER stress
may regulate the ER stress-inducible lipogenic
factors through the other UPR branches. Never-
theless, our study indentified two ER stress-
inducible lipogenic trans-activators, C/EBP« and
PPARy, that are under the regulation of the
IRE1a/XBP1-mediated UPR pathway.

Discussion

In this study, we demonstrated that pharma-
cologic ER stress, induced by two structurally-
unrelated ER stress-inducing reagents TM and
Tg, can promote de novo lipogenesis in the
hepatoma cell line Huh-7. Both lipid droplet
phenotype and gene expression profile further
validated the effect of pharmacologic ER stress
in promoting lipogenesis and lipid droplet for-
mation (Figures 2-5). Importantly, we identified
three groups of ER stress-inducible regulators
and enzymes in de novo lipogenesis (Figures 3-
5). In particular, we demonstrated that the ER
stress-inducible lipogenic trans-activators, C/
EBPa and PPARy are regulated by the UPR trans
-activator XBP1 (Figure 6). These results have
important implications in the understanding of
the upstream signals that facilitate de novo lipo-
genesis.

The UPR signaling is an adaptive response that

protects cells from ER stress [28]. The UPR sig-
naling mediated through IRE1o/XBP1, ATFG6,
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and PERK/elF2a reprograms transcription and
translation of stressed cells, leading to altera-
tions in cell physiology that helps the stressed
cells adapt to ER stress. However, when ER
stress gets more severe or prolonged, the same
UPR signaling can activate cell death programs
to remove the stressed cells. Lipid droplet is a
dynamic organelle composed of a monolayer
phospholipid embedded with numerous pro-
teins without trans-membrane spanning do-
mains, and a hydrophobic core that contains
triglycerides and sterol esters [29]. Under nor-
mal physiological conditions, hepatic lipid drop-
lets are important to maintain lipid and energy
homeostasis at the cellular and organismal lev-
els. As a defense response to acute liver inju-
ries, accumulation of lipid droplets is increased
in the liver of animal models [6, 7, 30]. Our
study suggests that the UPR-regulated de novo
lipogenesis and accumulation of cytosolic lipid
droplets may be parts of the protective re-
sponse of liver hepatocytes to pharmacologic
ER stress. On the other hand, excessive accu-
mulation of lipid droplets is closely associated
with the development of metabolic disease [31].
If ER stress-induced lipid droplet accumulation
cannot be resolved, prolonged hepatic lipid
droplet accumulation may result in metabolic
deterioration. This is consistent with the dual
roles of the UPR in mediating survival and death
signals in the context of cell pathophysiology.

Our work demonstrated that pharmacologic ER
stress represents a strong stimulus that triggers
de novo lipogenesis and lipid storage. In addi-
tion to TM or Tg, many pharmaceutical drugs,
for example, clinically-used anti-cancer drug
Bortezomib, are strong inducers of pharma-
cologic ER stress [7, 32, 33]. Although the
mechanisms involved in its anticancer activity
are still being elucidated, Bortezomib has been
shown to cause the accumulation of misfolded
proteins in the ER by inhibiting the 26S protea-
some activity and subsequent ER-associated
protein degradation machinery [34-36]. Previ-
ously we demonstrated that Bortezomib induces
pharmacologic ER stress, causes hepatic stea-
tosis, and increases hepatotoxicity in an animal
model [7]. Our work here confirmed that phar-

Am J Transl Res 2012;4(1):102-113



ER stress promotes lipogenesis

A ADRP
TM challenge Tg challenge
oo O 5 ug/ml oo O 05uM
6 - @ 10 pg/ml W 20 pg/ml 6 - H1uM l 1.5 uM
§ 4 *% ¥ E 4 -
o ¥ =
: =
& 2 A o 2 -
= a
. il
0 - 0
20 ealie 12hr 24hr
B FSP27
TM challenge Tg challenge
3 oo O 5 ug/ml 37 OO0 OO05uM
% @ 10 ng/mi M 20 pg/ml £ H1uM H15uM
-— [)
2 = J
3 g2
x [
= E
E 1 - %% X% *% E 1 ]
2 i
0 0
12hr 24hr 12hr 24hr
C FIT2
§ - TM challenge 8 - Tg challenge
- go O 5 ug/mi _ go O 0.5uM
g 4 - @ 10 ug/ml W 20 pg/ml g 6 B1um B 1.5uM
- % <
% 3 * Z 4 - *
[ x %
E 21 s E ., s
2 ﬂ = ﬂ
T8 T8
0 L] 0 L]
12hr 24hr hr 12hr 24hr
D AP2
4 - TM challenge Tg challenge
oo O 5 ug/ml 591 go @Do5uM % s
T>’ 3 E 10 pg/ml W 20 pg/ml E 44 BE1uM H 1.5uM
2 o *¥
< *% 1
z 2 § 3
[ [
£ £ 2 A
N N
1 -
T
0 T r 0
6hr 12hr 24hr 12hr 24hr
109 Am J Transl Res 2012;4(1):102-113

43



ER stress promotes lipogenesis

Figure 4. Quantitative real-time RT-PCR analysis of the mRNAs encoding protein factors in lipid droplet formation,
including ADRP (A), FSP27 (B), FIT2 (C), and AP2 (D), in Huh-7 cells. Total RNAs were isolated from Huh-7 cells treated
with TM (5, 10, and 20 pg/ml) or Tg (0.5, 1, and 1.5 uM) for 6, 12 and 24 hrs. Fold changes of mRNA are shown by
comparing to the vehicle-treated control. Each bar denotes mean + SEM (n= 3). * p<0.05; ** p<0.01.
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Figure 5. Quantitative real-time RT-PCR analysis of the mRNAs encoding key enzymes in triglyceride synthesis, includ-
ing ACC1 (A) and SCD1 (B), in Huh-7 cells. Total RNAs were isolated from Huh-7 cells treated with TM (5, 10, and 20
pug/ml) or Tg (0.5, 1, and 1.5 uM) for 6, 12 and 24 hrs. Fold changes of mRNA are shown by comparing to the vehicle-
treated control. Each bar denotes mean + SEM (n= 3). * p<0.05; ** p<0.01.

110 Am J Transl Res 2012;4(1):102-113

44



ER stress promotes lipogenesis

Huh-7 cells Huh-7 cells Huh-7 cells
Ctl GFP XBP1-s Ctl GFP XBP1-s Ctl GFP XBP1-s
XBP1 PPARy - %EE)F;“ -
=S
Actin | G- — - XBP1 —
XBP1 s
"uns XBP1
-uns
Actin]| R . -
GAPDH .ﬁ

Figure 6. Western blot analysis of expression levels of PPARy2 (A) and C/EBP« (B) proteins in Huh-7 cells. Huh-7 cells
were infected with an adenovirus expressing an activated form of human XBP1 protein or GFP control. Levels of -
actin or GAPDH were determined as a loading control. XBP1-s, the activated form of XBP1 protein encoded by the
spliced XBP1 mRNA; XBP1-uns, the inactivated XBP1 protein encoded by the un-spliced XBP1 mRNA.

maceuticals that directly or indirectly induce ER
stress in vivo may have side-effects on induc-
tion of hepatic steatosis by promoting lipogene-
sis and lipid deposition.

In summary, our study provides mechanistic
evidence that pharmacologic ER stress and its
associated UPR signaling can directly regulate
hepatic lipid metabolism by stimulating lipo-
genesis and lipid droplet accumulation. The
identification of the ER stress-inducible lipo-
genic regulators and enzymes provides impor-
tant insights into the molecular link between ER
stress and lipid metabolism. Additional investi-
gations need to be done in the future in order to
delineate the regulation of these individual ER
stress-inducible targets by the UPR branches.
Nevertheless, the findings from this study sig-
nificantly contribute to our understanding of
pathophysiological roles of ER stress and the
UPR as well as potential side effects of ER
stress-inducing clinically-used drugs.
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MEASUREMENT OF ER STRESS RESPONSE
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Abstract

In eukaryotic cells, the endoplasmic reticulum (ER) is the organelle that is
responsible for protein folding and assembly, lipid and sterol biosynthesis,
and intracellular calcium storage. Biochemical or pathophysiological stimuli
that disrupt protein-folding reaction or increase protein-folding load can
cause accumulation of unfolded or misfolded proteins in the ER lumen, a
condition called “ER stress”. As an adaptive intracellular stress response
initiated from the ER, unfolded protein response (UPR) alleviates the accumu-
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lation of unfolded or misfolded proteins in the ER. It has been demonstrated
that the UPR is a fundamental intracellular signal transduction response that is
critical for health and disease. ER stress and other cellular stress responses,
such as inflammation and oxidative stress, are integrated in many pathophysi-
ological processes. Particularly, recent research demonstrated that ER stress
and the UPR signaling are critically involved in the initiation and progression of
nonalcoholic fatty liver disease (NAFLD). Under metabolic stress conditions, the
UPR regulates transcriptional and translational programs that are associated
with hepatic steatosis and inflammation, the major characteristics of NAFLD. In
this chapter, we summarize reliable methods to quantitatively analyze the UPR
and hepatic inflammation in the mouse model of NAFLD.

1. INTRODUCTION

In eukaryote, the endoplasmic reticulum (ER) is the organelle for
protein folding and assembly, lipid and sterol biosynthesis, and free calcium
storage inside the cell (Gething and Sambrook, 1992). As a protein-folding
compartment and calcium storage, the ER maintains a very sensitive homeo-
stasis that can be perturbed by numerous stress signals, such as toxic chemicals,
oxidative stress, nutrient depletion, hypoxia, expression of secretory proteins,
DNA damage, and bacterial and/or viral infection (Kaufman, 1999; Ron and
Walter, 2007). As a consequence, protein-folding process is interrupted,
leading to the accumulation of unfolded or mistolded proteins in the ER
lumen. To deal with this stresstul condition, the ER has evolved a highly
specific signaling pathway called unfolded protein response (UPR) to remodel
the transcriptional and/or translational programs of stressed cells. There are
three basic UPR signal transduction molecules that localize to the ER mem-
brane: inositol-requiring 1o (IRE1ar), double-stranded RNA-dependent pro-
tein kinase (PKR)-like ER kinase (PERK), and activating transcription factor
6 (ATF6). These three UPR transducers are coordinately activated to reduce
the amount of newly synthesized proteins translocated into the ER, to increase
protein-folding capacity, and to promote the degradation of misfolded pro-
teins in the ER (Kaufman, 1999; Ron and Walter, 2007).

IRE1a is a protein kinase/endoribonuclease. Upon ER stress, IRE1a is
activated to splice the mRINA encoding X-box binding protein 1 (XBP1), a
basic leucine zipper (bZIP) transcription factor that can activate expression
of UPR target genes encoding functions involved in ER expansion, protein
tolding and secretion, and degradation of misfolded proteins (Lee et al.,
2003b; Yamamoto et al., 2007; Yoshida et al., 2001). The activated IRE1a
also functions as a scaffold protein to recruit tumor-necrosis factor (TINF)-
receptor-associated factor 2 (TRAF2), leading to activation of the Jun
amino-terminal kinase (JNK)-mediated signaling pathway under ER stress
(Urano et al., 2000). PERK is a PKR-like ER kinase that can phosphorylate
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the a-subunit of eukaryotic translation—initiation factor 2 (elF2a) (Harding
et al., 1999, 2000b; Scheuner ef al., 2001). To reduce the amount of newly
synthesized proteins entering into the ER, PERK mediates phosphorylation
of elF2a, leading to a general translational attenuation (Harding et al.,
2000b). However, phosphorylated elF2a can selectively induce translation
of a specific subset of mRINAs that harbor multiple upstream open reading
frames in 5-untranslated regions (Harding et al., 2000a; Scheuner et al.,
2001; Yaman ef al., 2003). For examples, phosphorylated elF2a can induce
translation of the mRINA encoding activating transcription factor 4 (ATF4)
in mammalian cells under prolonged ER stress. ATF4 subsequently activates
transcription of PERK-dependent UPR target genes, such as CHOP and
NE-E2-related factor-2 (Nrf2), to mediate antioxidative response and/or ER.
stress-induced apoptosis (Cullinan ef al., 2003; Harding et al., 2000a;
Marciniak ef al., 2004). ATF6 is an ER-transmembrane bZIP transcription
factor of ATF/CREB family (Haze et al., 1999). Upon activation of UPR,
ATF6 is released and translocated to the Golgi compartment where it is
cleaved by site-1 protease (S1P) and site-2 protease (S2P) to release an active
transcription factor (Ye ef al., 2000). Activated ATF6 induces expression of
the UPR target genes encoding ER -resident molecular chaperones, folding
catalysts, and ER AD machinery (Okada et al., 2002; Yamamoto ef al., 2007).

Nonalcoholic fatty liver disease (NAFLD), the hepatic manifestation of
metabolic syndrome, is characterized by excessive hepatic lipid accumula-
tion, inflammation, and fibrosis in the absence of significant ethanol con-
sumption, viral infection, or other specific etiologies (Angulo, 2002; Brunt,
2001). Recently, increasing evidence suggested that the UPR is critical for
the development of NAFLD. Chronic excess of metabolic factors, such as
lipids, glucose, and inflammatory cytokines, can interrupt the protein-
folding process in the ER and subsequently activate physiological UPR in
specialized cell types, such as macrophages and hepatocytes (Feng ef al.,
2003; Kharroubi ef al., 2004; Wei ef al., 2006; Zhang and Kaufman, 2008a;
Zhang ef al., 20006). Increased saturated fatty acids delivered to or accumu-
lated in the liver have been shown to induce ER stress and activation of the
UPR that leads to dysregulated lipid metabolism and hepatic injuries.
Therefore, ER stress represents an intrinsic hit that triggers NAFLD, and
delineation of ER stress signaling in fatty livers is particularly informative to
novel therapeutic designs toward a cure of NAFLD (Wang ef al., 2006; Wei
et al., 2006). Moreover, increasing evidence suggest that the UPR pathways
mediated through IREla, PERK, and ATF6 are differentially involved in
regulating hepatic lipid metabolism upon metabolic diets or acute liver
injuries (Lee et al., 2008; Oyadomari ef al., 2008; Rutkowski ef al., 2008).
Therefore, delineating ER stress and the UPR pathways in the liver of
mouse model of NAFLD provides important avenues to address ER stress-
associated mechanism and possible novel therapeutic targets in prevention
and treatment of NAFLD.
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2. METHODS TO MEASURE ER STRESS RESPONSE
AND HEPATIC INFLAMMATION IN THE MOUSE
MobEL oF NAFLD

In this section, we describe optimal conditions and procedures to
detect activation of three major UPR pathways and hepatic inflammation
in mouse fatty liver tissue. To establish an animal model of NAFLD, we feed
wild-type mice of C57BL/6] strain background with either a normal chow
diet or an atherogenic high-fat (AHF) diet that has been demonstrated to
induce hepatic steatosis and steatohepatitis in the mice (Larter and Yeh,
2008; Matsuzawa et al., 2007). Liver tissues and blood samples will be
isolated from the animals after the AHF or normal chow diet for Western
blot, quantitative real-time PCR, enzyme-linked immunosorbent assay
(ELISA), and immunohistochemical staining analyses.

2.1. Establishing the mouse model of NAFLD
Required materials:

e Wild-type mice of C57BL/6] strain background, male, 3 months old (Cat
# 000664, The Jackson Laboratory).

e AHF diet, also called Paigen Diet (Paigen ef al., 1987): 15% fat, 1.25%
cholesterol, and 0.5% cholic acid (Cat # TD.88051, Harlan Laboratories,
Inc.).

® 10x phosphate buftered saline (PBS): 8% sodium chloride (NaCl), 0.2%
potassium chloride (KCI), 1.44% sodium phosphate, dibasic (Na,HPO,),
and 0.24% potassium phosphate, monobasic (KH,POy), pH 7.4.

* 10% formalin (Cat # HT501128, Sigma)

e Tissue-Tek O.C.T. compound (Cat # 1SLB4583EA, Sakura Finetek
USA, California)

Procedures: Wild-type male C57BL/6] mice of 3 months old are fed with
either the AHF diet or normal chow diet for 6 months (Larter and Yeh,
2008; Matsuzawa et al., 2007). After 6 months of AHF diet feeding, the mice
are euthanized and liver tissues and blood samples are collected: (1) The
mouse liver tissues are snap frozen in liquid nitrogen and stored at —80 °C
for future Western blot and quantitative real-time reverse-transcription
(RT)-PCR analyses. (2) Fresh liver tissue pieces are washed briefly with
PBS buffer and then fixed in 10% PBS-buftered formalin. Fixed liver samples
are paraffin-embedded, and 4 pm sections are prepared and mounted on glass
slides for immunohistochemical staining. (3) Fresh liver tissue pieces are
embedded in specimen molds with Tissue-Tek O.C.T. compound and
frozen using dry ice. The O.C.T.-embedded frozen liver tissues are cut
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into 8 um sections and stored at —80 °C for future staining of hepatic lipid
droplets. (4) Blood plasma samples will be collected and stored at — 80 °C for
future detection of acute-phase proteins using ELISA.

2.2. Detecting activation of the UPR pathways in mouse
fatty liver tissue

Western blot analysis or immunoprecipitation (IP)=Western blot analysis is uti-
lized to determine activation of the major UPR pathways mediated by ER
stress sensors IRE1a, PERK, and ATF6, respectively. Quantitative real-
time RT-PCR analysis is used to quantify spliced Xbp? mRNA and
expression of other UPR target genes. As lipid contents are enriched in
the liver tissues of mice after the AHF diet, lipid extraction is required in
preparing liver cellular lysates for Western blot analysis.

Required materials:

e NP-40 lysis buffer: 1% NP-40, 50 mM Tris—=HCI, pH 7.5, 150 mM
NaCl, 0.05% SDS, 0.5 mM Na vanadate, 100 mM NaF, 50 mM B-
glycerophosphate, and 1 mM phenylmethylsulfonyl fluoride (PMSF)
supplemented with protease inhibitors (EDTA-free Complete Mini,
Roche).

e 2x SDS-PAGE sample bufter: 100 mM Tris, pH 6.8, 20% glycerol, 4%
SDS, 0.2% bromophenol blue, 200 mM dithiothreitol.

e Trizol reagent (Cat # 15596026, Invitrogen).

e DEPC water: add 0.1 ml DEPC in 100 ml distilled water (dH,O) and
incubate the solution for 12 h at 37 °C before subjecting to autoclave to
remove any traces of DEPC.

e [P washing bufter: 50 mM Tris—HCI, pH 7.5, 500 mM sodium chloride,
0.1% Nonidet 40, 0.05% sodium deoxycholate.

Liver cellular protein lysates preparation: (1) approximately 100 mg fresh
liver tissue from the mice after the AHF or normal chow diet is briefly
washed with PBS and then homogenized in 800 pl of ice-cold NP-40 lysis
buffer; (2) the homogenized liver tissue lysate is incubated on ice for 40 min;
(3) liver tissue lysate is centrifuged at 4 °C at 15,000 rpm for 15 min; (4)
collect the lysate sample in the middle phase between lipid contents (upper
phase) and tissue debris (bottom); (5) add 0.5% SDS solution into the protein
lysate, and centrifuge the lysate sample at 4 °C at 15,000 rpm for 10 min to
extract lipid contents; (6) collect the lysate sample in the middle phase, and
repeat the lipid extraction step using 0.5% SDS; (7) the lysate sample in the
middle phase is collected for Western blot analysis, IP—-Western blot analysis,
or stored at —80 °C for future use.

Preparation of total RNA and cDNA from mouse liver tissue: (1) Total
RNA is isolated from liver tissue with the Trizol reagent; (2) synthesis of
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c¢DNA from murine total RNA is performed using a SuperScript Il reverse
transcriptase kit (Cat # 11752, Invitrogen). The reaction mixture (20 pl)
contains 500 ng total RNA, 10 pl 2x RT reaction mix, and 2 pl reverse
transcriptase enzyme mix; (3) the reverse transcription reaction is incubated
at 25 °C for 10 min, followed by incubation at 50 °C for 30 min, and finally
reverse transcriptase is inactivated at 85 °C for 5 min; (4) the reaction mix is
diluted 10-fold by the addition of 180 pl nuclease-free water. The diluted
c¢DNA mix from the reverse transcription reaction is subjected to quantita-
tive real-time PCR analysis.

2.2.1. Measuring IRE1-mediated UPR signaling

2.2.1.1. Phosphorylation of IRE1o. TREla is the most conserved UPR
transducer (Kaufman, 1999). Activation of IRE1a requires its homo-dimer-
ization and auto-phosphorylation. Phosphorylation of IREla is the key
indicator of activation of IREla-mediated UPR pathway. Expression and
phosphorylation of IREla can be analyzed by an upward mobility shift
upon sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and Western blot analysis.

The conditions and procedures to detect levels of total and phosphory-
lated IRE1a proteins are as follows: (1) liver protein lysates are prepared
from approximately 100 mg of fresh or frozen liver tissue as described in
Section 2.1; (2) protein concentrations of the lysate are determined by the
Bradford assay using the commercial kit (Cat # 500-0205, Bio-Rad Labora-
tories); (3) appropriate amounts of 2X SDS-PAGE sample buffer are added
into the protein lysate solution followed by heating at 95° for 5 min; (4)
approximately 80 pg of denatured proteins are separated by SDS-PAGE on
10% Tris—glycine polyacrylamide gels and transterred to a 0.45-pm PVDF
membrane (RPN1416F, GE Healthcare); (5) to detect levels of total IRE1a
protein, the blots are incubated with a rabbit anti-human IRE1a antibody
(Cat # 3294, Cell Signaling Technology) at a 1:1000 dilution in 0.1%
Tween 20-PBS bufter containing 5% skim milk overnight at 4 °C. To
detect levels of phosphorylated IRE1a protein, the blots are incubated with
a rabbit anti-human phosphorylated IRE1a antibody (Cat # ab48187,
Abcam) at a 1:1000 dilution in 0.1% Tween 20-PBS bufter containing
5% skim milk overnight at 4 °C; (6) after the primary antibody incubation,
the blots are washed and then incubated with horseradish peroxidase
(HRP)-conjugated anti-rabbit antibody (Cat # W401B, Promega) at a
1:3000 dilution for 2 h at room temperature; (7) membrane-bound anti-
bodies are detected by an enhanced chemiluminescence (ECL) detection
reagent (Cat # 32106, Thermo Scientific). The size of detected mouse
IREla protein is approximately 120 kDa. The size of phosphorylated
IRE1a protein is increased slightly.



Measurement of ER Stress Response and Inflammation in the Liver 335

2.2.1.2. Xbp1 mRNA splicing and expression of spliced XBP1
protein Under ER stress, IRE1a is activated to render its endoribonu-
clease/RNase activity (Ron and Walter, 2007). IRE1la RNase cleaves
XBP1 mRNA to remove a 26-nucleotide intron, generating a translational
frameshift. Spliced Xbpl mRNA encodes a functional XBP1 protein of
approximately 55 kDa. Unspliced Xbp? mRINA can also encode a protein
of approximately 30 kDa, which is rapidly degraded by proteasomes (Lee
et al., 2003a; Yoshida et al., 2006). It has been suggested that the XBP1
protein encoded by unspliced Xbp1 mRNA can act as a dominant-negative
inhibitor of the spliced form during the recovery phase of ER stress or when
the protein is stabilized in the presence of proteasome inhibitor. Quantita-
tive analyses of the Xbp1 mRNA splicing and the XBP1 protein expression
are critical in determining the activation of IRElo-mediated UPR
pathway.

For quantitative real-time RT-PCR analysis of mouse Xbpl mRNA
splicing, a pair of real-time PCR primers is designed to specifically amplify
the spliced Xbpl mRNA (Zhang and Kaufman, 2008b; Zhang et al., 2005):
5-GAGTCCGCAGCAGGTG-3' and 5-GTGTCAGAGTCCATGG-
GA-3'. Additionally, a pair of real-time PCR primers is used to
amplify P-actin mRNA as an internal control: 5-GATCTGGCAC-
CACACCTTCT-3 and 5-GGGGTGTTGAAGGTCTCAAA-3'. The
procedures to quantitatively analyze spliced Xbp1 mRINA by quantitative
real-time RT-PCR: (1) SYBR GreenER gq-PCR Supermix (Cat # 11762-
500, Invitrogen) is used for quantitative real-time RT-PCR reac-
tions. 12.5 ng cDNA templates prepared from mouse liver total RNA as
described in Section 2.1, 500 nM forward and reverse primers, 10 pl SYBR.
GreenER g-PCR Supermix, and DEPC-treated water are mixed for 20 pl
reaction volume; (2) the reaction is performed in Stratagene MX3000P
Q-PCR system. The thermal cycle parameters are step 1, 95 °C for 10 min;
step 2, 95 °C for 30 s, 59 °C for 1 min, and then 72 °C for 30 s; and step 3,
59 °C for 1 min. Step 2 is repeated for 40 cycles. The final step is incubation
at 4 °C to terminate the reaction. (3) Fold changes of spliced mRINA levels
were determined after normalization to internal control fS-actin mRINA
levels using the 2(-Delta Delta C(T)) Method (Livak and Schmittgen,
2001).

The procedure to determine levels of XBP1 proteins: (1) Liver protein
lysates are prepared from approximately 100 mg of fresh or frozen liver
tissue as described in Section 2.1; (2) protein concentrations of the lysates
are determined by the Bradford assay, and then denatured in SDS-PAGE
sample bufter by heating the samples at 95° for 5 min; (4) approximately
80 pg of denatured proteins are separated by SDS-PAGE on 10% Tris—
glycine polyacrylamide gels and transferred to a 0.45-pm PVDF membrane;
(5) the blots are incubated with a rabbit anti-mouse XBP1 antibody (Cat #
sc-7160, Santa Cruz Biotechnologies) at a 1:200 dilution in 0.1% Tween
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20-PBS bufter containing 5% skim milk overnight at 4 °C; (6) after the
primary antibody incubation, the blots are washed and then incubated with
a 1:3000 dilution of HR P-conjugated anti-mouse antibody (Cat # W402B,
Promega) for 2 h at room temperature; (7) membrane-bound antibodies are
detected by an ECL detection reagent. The size of murine XBP1 protein
encoded by spliced Xbp1l mRNA is approximately 55 kDa; and the size of
XBP1 protein encoded by unspliced Xbpl mRNA is approximately
28 kDa.

2.2.1.3. IRE1o interaction with TRAF2 In addition to its endoribonuclease
activity, activated IRElo can serve as a scaffold protein that recruits
TRAF2, leading to activation of JNK and/or nuclear factor-kB (NF-xB)
under ER stress (Hu ef al., 2006; Urano et al., 2000). This might
provide stressed cells with survival or death signals by activating JNK-
and/or NF-kB-mediated signaling pathways that are associated with the
progression of liver diseases. To evaluate the activity of IRE1a in mediating
JNK and/or NF-kB activation in mouse fatty liver, a key experiment is to
determine interaction between IRE1a and TR AF2 using IP—Western blot
analysis.

The procedures to detect interaction between IREla and TRAF2 in
mouse fatty liver tissue: (1) a rabbit anti-human TRAF2 antibody (10 pl;
Cat # sc-876, Santa Cruz Biotechnologies) is incubated with 50 pl protein
A beads (Cat # 11134515, Roche) in NP-40 lysis bufter for 1 h on an end-
over-end rotator at room temperature; (2) the antibody-bound beads
are washed for three times by NP-40 lysis buffer in 1.5 ml Eppendorf
tubes, rotating at 4 °C for 10 min; (3) the liver protein lysates of approxi-
mately 300 pg (~1 ml) are added into the tubes with washed antibody-
bound beads and then incubated overnight at 4 °C on a rotator; (4)
after incubation, the beads are washed for three times with 1 ml lysis buffer
and one time with 1 ml IP washing buffer; (5) the solution from the tube
containing the beads is removed and then 40 pl of 2x SDS-PAGE sample
buffer is added into the tube followed by heating at 95° for 5 min; (6) Dena-
tured proteins are separated by 10% SDS-PAGE gels and transferred to a
PVDF membrane; (7) the blots are incubated with a rabbit anti-human
IREla antibody (Cat # 3294, Cell Signaling Technology) at a 1:1000
dilution overnight at 4 °C; (8) after the incubation with the primary
antibody, the blots are incubated with a 1:1000 dilution of HRP-conju-
gated TrueBlot anti-rabbit antibody (Cat # 18-8816, eBioscience) for 2 h at
room temperature. The TrueBlot anti-rabbit antibody preferentially detects
the nonreduced form of rabbit IgG with minimal reactivity to the reduced,
SDS-denatured form of IgG; (9) membrane-bound antibodies are detected
by the ECL detection reagent described above. The size of detected mouse
IRE1a protein that interacts with TRAF2 is approximately 120 kDa.
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2.2.2. Measuring PERK-mediated UPR pathway

2.2.2.1. Phosphorylation of PERK  Similar to IRE1a, phosphorylation of
PERK is a hallmark of activation of PERK-mediated UPR pathway.
However, due to its low expression level, detection of endogenous levels
of PERK in liver tissues by direct Western blot analysis is very difficult. To
overcome this difficulty, liver protein lysates prepared from the liver tissues
of mice after the high-fat or normal chow diet are immunoprecipitated with
an anti-PERK antibody followed by Western blot analysis using the same
antibody.

The procedures to detect endogenous PERK expression in mouse liver
tissue: (1) rabbit anti-human PERK polyclonal antibody (5 pl; Cat # sc-
13073, Santa Cruz Biotechnologies) is incubated with 50 pl protein A beads
(Cat # 11134515, Roche) in NP-40 lysis buffer for 1 h on an end-over-end
rotator at room temperature; (2) the antibody-bound beads are washed
three times by NP-40 lysis buffer in 1.5 ml Eppendorf tubes, rotating at
4 °C for 10 min; (3) the liver protein lysates of approximately 300 pg
(~1 ml) are added into the tubes with washed antibody-bound beads and
then incubated overnight at 4 °C on a rotator; (4) after incubation, the beads
are washed three times with 1 ml lysis buffer and one time with 1 ml IP
washing buffer; (5) the solution from the tube containing the beads is
removed and then 40 pl of 2x SDS-PAGE sample buffer is added to the
tube followed by heating at 95° for 5 min; (6) denatured proteins are
separated by 10% SDS-PAGE gels and transferred to a PVDF membrane;
(7) the blots are incubated with the same rabbit anti-human PERK antibody
at a 1:200 dilution overnight at 4 °C; (8) after incubation with the primary
antibody, the blots are incubated with a 1:1000 dilution of HRP-conju-
gated TrueBlot anti-rabbit antibody (Cat # 18-8816, eBioscience) for 2 h at
room temperature; (9) membrane-bound antibodies are detected by the
ECL detection reagent described above. The size of detected mouse PERK
protein is approximately 170 kDa. The size of PERK protein is increased
slightly due to phosphorylation.

2.2.2.2. Phosphorylation of elF20. In response to ER stress, PERK phos-
phorylates translational initiation factor elF2a, leading to general translation
attenuation as well as selective translation of specific mRINAs (Ron and
Walter, 2007). Quantitative analysis of phosphorylated versus total elF2a
protein is important for evaluating activation of the PERK-mediated UPR
pathway.

Procedures to determine levels of phosphorylated and total elF2a pro-
teins in mouse liver tissue are as follows: (1) The liver protein lysates of
approximately 80 g are denatured, separated by 10% SDS-PAGE gels,
and transferred to a PVDF membrane as described above. (2) To detect
the phosphorylated eIF2o protein, the blots are incubated with a rabbit
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anti-Ser51-phosphorylated elF2a antibody (Cat # 9721, Cell Signaling
Technology) at a 1:1000 dilution overnight at 4 °C. To detect the total
elF2a protein, the blots are incubated with a rabbit total eIF20 antibody
(Cat # 9722, Cell Signaling Technology) at a 1:1000 dilution overnight at
4 °C. (3) After the antibody incubations, the blots are incubated with the
ECL detection reagent to detect chemiluminescent signals as described
above. The size of detected mouse elF2a protein is approximately
38 kDa. The size of phosphorylated elF2a protein is slightly increased.

2.2.2.3. Expression of ATF3, ATF4, CHOP, and GADD34 Upon activation
of PERK-mediated UPR pathway, phosphorylated elF2a can selectively
induce expression of ATF4, a bZIP transcription activator, in mammalian
cells (Ron and Walter, 2007). Subsequently, ATF4 activates expression of
additional bZIP regulators, CHOP/GADD153, and ATF3, which function to
regulate cell metabolism, redox status of the cell, and apoptosis. Furthermore,
CHOP directly activates GADD34, a growth arrest and DNA damage-
inducible protein that can form a complex with the catalytic subunit of protein
phosphatase 1 (Novoa et al., 2001). Under ER stress, GADD34 promotes ER
client protein biosynthesis by dephosphorylating phospho-Ser51 of elF2a in
stressed cells. GADD34-mediated dephosphorylation of eIlF2a provides a
negative feedback loop that promotes recovery from translational inhibition
in the UPR by decreasing ER client protein load and changing redox condi-
tions within the ER (Marciniak et al., 2004). Liver plays a major role in
metabolism and detoxification. Expression of ATF3, ATF4, CHOP, and
GADD34 are induced in the liver, especially under physiological or pathologi-
cal stress. Expression levels of these proteins in liver tissues are important
indicators of ER stress response to the metabolic stress that causes NAFLD.

Procedures to determine levels of ATF4, ATF3, CHOP, and GADD34
in the liver tissue of NAFLD mice are as follows: (1) The liver protein lysates
of approximately 80 pg from the mice after the AHF or normal chow diet
are denatured, separated by 10% SDS-PAGE gels, and transferred to a
PVDF membrane as described above. (2) To detect the ATF4, ATE3,
CHOP, or GADD34 protein, the blots are incubated with a rabbit anti-
ATF4 antibody (Cat # sc-200, Santa Cruz Biotechnologies), a rabbit anti-
ATEF3 antibody (Cat # sc-188, Santa Cruz Biotechnologies), a rabbit
anti-CHOP antibody (Cat # sc-793, Santa Cruz Biotechnologies), or a
rabbit anti-GADD34 antibody (Cat # sc-8327, Santa Cruz Biotechnolo-
gies) at a 1:200 dilution for 2 h at room temperature or overnight at 4 °C
followed by incubation with a 1:3000 dilution of HRP-conjugated anti-
rabbit antibody (Cat # W401B, Promega) for 2 h at room temperature. (3)
The blots are incubated with the ECL detection reagent to detect chemilu-
minescent signals as described above. The sizes of detected mouse ATF4,
ATF3, CHOP, and GADD34 proteins are approximately 38, 37, 26, and
75 kDa, respectively.
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2.3. Detecting hepatic inflammation in the mouse model
of NAFLD

Hepatic inflammation is one of key features of NAFLD. The UPR signaling
and inflammatory responses can interact and be integrated in specialized cell
types in metabolic disease models (Zhang and Kaufman, 2008a). In addition
to ER stress response, measurement of hepatic inflammation is necessary for
evaluating stress response associated with the pathogenesis of NAFLD.
Acute-phase response, represented by production of acute-phase proteins
by hepatocytes, such as serum amyloid component-P (SAP), serum amyloid
A (SAA), and C-reactive protein (CRP), is one of the indicators of hepatic
inflammation. Recent research suggests that ER stress mechanism is criti-
cally involved in hepatic acute-phase response (Macintyre et al., 1994;
Zhang et al., 2006). Moreover, liver lobular inflammation and hepatocyte
ballooning are two primary pathologic criteria for hepatic inflammation in
NAFLD (Bondini et al., 2007; Haukeland et al., 2005; Papandreou et al.,
2007). In this section, we describe the methods to measure hepatic acute-
phase response (production of SAP, SAA, and CRP) as well as the proce-
dures to characterize lobular inflammation and hepatocyte ballooning in the
mouse model of NAFLD induced by the metabolic diet.

We use highly sensitive two-site ELISA kits from Immunology Consul-
tants Laboratory, Inc. (Newberg, USA) for measuring levels of plasma SAP,
SAA, and CRP in the mice after the high-fat or normal chow diet. To
determine levels of plasma SAP using the ELISA kit (Cat # E-90SAP), mouse
blood plasma samples are diluted 1500 times; to determine levels of plasma
CRP using the ELISA kit (Cat # E-90CRP), mouse blood plasma samples
are diluted five times; to determine levels of plasma SAA using the ELISA kit
(Cat # E-90SAA), mouse blood plasma samples are diluted 1000 times. The
experimental procedures are detailed in the manufacture instructions.

Liver histological staining can provide direct and reliable evidence for
hepatic inflammation. We use hematoxylin and eosin (HE) staining of
formalin-fixed, paraffin-embedded liver tissue section to identify lobular
inflammation and hepatocyte ballooning in the liver tissue of NAFLD mice.
The procedures of staining and analyzing lobular inflammation and hepato-
cyte ballooning with the liver tissue sections from the mice after the AHF or
normal chow diet are described below.

Required materials:

Graded alcohol (from 50%, 70%, 80%, 95% to 100%)

Xylenes (Cat # A5597, Sigma)

Harris hematoxylin solution (Cat # HHS32, Sigma)

Eosin Y solution alcoholic (Cat # HT110132, Sigma)

Scott’s tap water substrate concentrate (Cat # S5134-6X, Sigma)
0.25% acid alcohol; Permount (Cat # SP15-100, Fisher)
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Procedures for characterizing hepatic inflammation by HE staining are as
follows: (1) Deparaffinize and hydrate mouse liver tissue sections of 4 pm
through fresh xylenes and graded alcohol. (2) Rinse the tissue section slides
in distilled water for 5 min. (3) Stain the sections in hematoxylin for 3 min.
(4) Dip the section slides quickly in bluing solution (1 X Scott’s tap water)
for five times. (5) Rinse the sections in running tap water for 10 min. (6)
Dip the sections quickly in acid alcohol for three times to decolorize
everything except nucleus. (7) Rinse the section slides in tap water for
5 min. (8) Counterstain the sections in eosin for 2 min. (9) Dehydrate the
sections through the regressive graded alcohol and fresh xylenes. (10)
Mount the section slides with Permount.

The histological features of hepatic inflammation revealed by HE-
stained liver tissue sections include hepatocyte ballooning and lobular
inflammation (Fig. 19.1). Hepatocyte ballooning is a phenomenon of
hepatocyte degeneration in form of parenchymal cell death. The cellular
shape in this condition can be distinguished by its two to three times of
body size compared to the adjacent hepatocytes. Additionally, ballooning
hepatocytes are different from adipocytes. Ballooning hepatocytes
have their nucleus in the center of the cell, while the nucleus of adipocytes
locates in the periphery of the cell (Goldstein ef al., 1991). Lobular inflam-
mation, another hallmark of liver inflammation, indicates accelerated
liver cells renewal. It appears as binuclear hepatocytes, swelling hepatocytes,
and shrinking apoptotic cells (Buligescu and Antonescu, 1992). Moreover,
Mallory’s hyaline is a form of inclusion in the cytoplasm of hepatocytes.
It is made of intermediate keratin filament proteins which have been

AHF diet

Figure 19.1 Hematoxylin and eosin staining of paraffin-embedded liver tissue sections
from C57BL/6 mice fed with either normal chow diet (A) or the AHF diet (B) for
6 months. Ballooning hepatocytes is characterized by its swelling cellular body with
nucleus in the center (pointed by the right arrow). Lobular inflammation is character-
ized by binuclear hepatocytes (pointed by the left arrow) in the mice fed with the AHF
diet. Magnification: 600x.
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ubiquinated, or bound by heat shock proteins and p62 proteins (Zatloukal
et al., 2002). The process of hepatocyte ballooning is accompanied by
reducing density or losing cytoplasmic intermediate filaments network.
Along this process, misfolded and aggregated keratin accumulation is the
reason for Mallory hyaline. The histopathological features of NASH include
(1) hepatocellular steatosis and ballooning, (2) mixed acute and chronic
lobular inflammation, (3) perisinusoidal fibrosis, and (4) others such as
Mallory’s hyaline (Brunt, 2000; Kleiner et al., 2005). The methods to
measure liver fibrosis and hepatocellular steatosis will be described in the
following section.

Note: The hematoxylin solution needs to be filtered before each use to
remove oxidized particles. It is not necessary to wash the sections in water
after counterstain them in eosin.

3. VISUALIZING ER STRESS RESPONSE
ASSOCIATED WITH LIVER PATHOLOGY IN
THE Mouse MobDEL oF NAFLD

It is important to elucidate the correlation of ER stress response with
the liver pathology of NAFLD. The major characteristics of liver pathology
in NAFLD include hepatic steatosis, hepatic inflammation and ballooning,
fibrosis, as well as apoptosis. It is informative to visualize the intensity and
localization of ER stress response in correlation to the liver pathology. We
have developed immunohistochemistry staining methods to visualize ER
stress response in the liver tissue of NAFLD mice. In addition to the
methods to evaluate hepatic inflammation and ballooning, here we describe
the methods to detect hepatic steatosis and fibrosis in the liver.

3.1. Staining ER stress markers in mouse fatty liver tissue

Induction of the XBP1 protein encoded by spliced Xbpl mRNA is a
hallmark of activation of IRE1a-mediated UPR pathway. The UPR path-
way through ATF6 or IRE1a/XBP1 can upregulate expression of ER
chaperone BiP/GRP78 (Yamamoto ef al., 2007). Increased expression of
ER chaperone BiP/GRP78 indicates ER stress and activation of the UPR
pathway through ATF6 and/or IRE1a/XBP1. Together with expression
of spliced XBP1 and BiP, induction of CHOP is an indicator of the
activation of PERK-mediated UPR pathway and ER stress-induced
apoptosis. We developed immunohistochemistry staining methods for
visualizing induction of XBP1, CHOP, and BiP in the liver tissues of
NAFLD mice.
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Regquired material:

e 10X Tris buftered saline: 24.2 g Trizma base (C4H{{INO3) and 80 g NaCl
in 1 L dH,O, pH 7.6.

® Washing bufter: 100 ml 10x TBS and 1 ml Tween 20 in dH,O with a
total volume of 1 L.

e 10x PBS: 80 g NaCl, 2 g potassium chloride (KCI), 14.4 g sodium
phosphate, dibasic (Na,HPOy,), and 2.4 g potassium phosphate, monoba-
sic (KH,POy) in 1 L dH,O, pH 7.4.

* Blocking solution: 5% normal goat serum in washing bufter.

e VECTASTAIN Elite ABC kit (Cat # PK-1600, Vector Laboratories)

e DAB peroxidase substrate solution (Vector Laboratories SK-4100)

Optimized procedures to stain XBP1, CHOP, and BiP in mouse liver
tissue sections are as follows: (1) Prepare formalin-fixed, paraffin-embedded
liver tissue sections (4 M) from the mice after the AHF or normal chow diet as
described in Section 2.1. The section slides are subjected to routine deparaffi-
nization/hydration process. (2) Rinse the section slides with dH,O for 3 min.
(3) Quench the sections for 2 h in 0.3% H,O, in methanol to block the
endogenous peroxidase activity in the mouse liver tissue. (4) Wash the section
slides with PBS buffer followed by incubating sections with the blocking buffer
for 30 min. (5) Incubate the tissue sections with a rabbit anti-human XBP1
antibody (Cat # ab37152, Abcam) at 1:100 dilution, a rabbit anti-mouse BiP
antibody (Cat # ab21685, Abcam) at 1:300 dilution, or a rabbit anti-mouse
CHOP antibody (Cat # sc-575, Santa Cruz Biotechnologies) at 1:50 dilution
to stain XBP1, BiP, or CHOP in the mouse liver tissue. The section slides are
then incubated with the antibody overnight at 4 °C in a humidified chamber.
Negative controls include omission of the primary antibody. (6) Wash the
sections with PBS and incubate them with biotinylated anti-rabbit secondary
antibody (Cat # BA-1000, Vector Laboratories) for 30 min. (7) Wash the tissue
sections with PBS and prepare VECTASTAIN Elite ABC reagent freshly. Add
exactly one drop of REAGENT A to 2.5 ml of 1x PBS followed by adding
one drop of REAGENT B. Allow ABC reagent to stand for about 30 min
before use. (8) Incubate the tissue sections with freshly made VECTASTAIN
Elite ABC Reagent for 30 min. Wash the tissue sections and incubate them
with DAB peroxidase substrate solution (Cat # SK-4100, Vector Laboratories)
for 2—3 min until desired stain intensity develops. (9) Rinse sections with dH,O
and then counterstain with Harris Hematoxylin for 10 s followed by dipping
section slides in Bluing solution 10 times. (10) Rinse the slides in tap water,
dehydrate in graded alcohol, and soak in xylenes. (18) Mount the section slides
with Permount.

Note: VECTASTAIN Elite ABC Reagent should be prepared freshly
according to manufacturer’s instruction. Allow the ABC reagent to stand
for about 30 min before use. For the quenching process, increased volume
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and incubation time of H,O, may be required, because endogenous perox-
idase activity is high in the liver tissues.

3.2. Staining hepatic lipids

Hepatic lipid accumulation is a prominent feature of NAFLD. Hepatic
steatosis is characterized by accumulation of lipids, mainly triglycerides, in
the cytoplasm of hepatocytes. In hepatocytes, triglycerides are synthesized
in the ER and stored in the cytoplasm surrounded by a monolayer of
phospholipid in distinct lipid droplet structures (Martin and Parton, 2006).
Under normal physiological conditions, lipid droplets maintain energy
balance at the cellular and organismal levels. Under conditions of overnu-
trition or acute liver injury, lipid deposition is significantly increased in
hepatocytes (Rutkowski ef al., 2008; Yang ef al., 2007). Oil Red O is a type
of Sudan lysochromes that stain lipid and triglyceride contents in frozen
liver tissue sections. When staining for hepatic lipids, the Oil Red O
staining method can give a much deeper red color compared with similar
dyes such as Sudan III, Sudan IV, and Sudan Black B.

Required materials:

e Oil Red O stock solution: Add Oil Red O (Cat # CI 26125, Poly-
sciences, Inc.) 0.5 g to 100 ml isopropanol. Dissolve the dye by using a
37 °C water bath for 30 min.

¢ Oil Red O working solution: Prepare freshly. Dilute 24 ml of the stock
solution with 12 ml of distilled water. Allow it to stand for 10 min before
filtering it into a Coplin jar.

Staining procedures are as follows: (1) Prepared O.C.T.-embedded
frozen liver tissue sections of 8 LM from the mice after the AHF or normal
chow diet as described in Section 2.1. Air-dry the sections at the room
temperature for 10 min. (2) Fix the tissue sections in 10% formalin for
15 min at room temperature. (3) Wash the section slides in running tap
water for 5 min. (4) Rinse the tissue sections in 60% isopropanol for 5 min.
(5) Stain the tissue sections in Oil Red O working solution for 15 min. (6)
Rinse the tissue sections in 60% isopropanol for 5 min followed by counter-
staining of nuclei with Harris Hematoxylin. (7) Rinse the tissue sections in
running dH,O for 10 min. (8) Mount in aqueous mounting medium and
dry overnight in the room temperature.

3.3. Staining liver fibrosis

Liver fibrosis is the excessive accumulation of extracellular matrix proteins,
mainly collagen, which is associated with hepatic steatosis, inflammation,
and cell stress in advanced NAFLD (Bataller and Brenner, 2005).
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Determination of liver fibrosis along with ER  stress markers, hepatic
inflammation, and steatosis is important to evaluate the progression of
NAFLD. Sirius-red staining is a widely used method to stain collagen as
red with a pale yellow background under bright-field microscopy
(Junqueira et al., 1979). The following Sirius-red staining protocol works
stably and reliably for staining liver fibrosis in the mouse model of NAFLD.

Required materials:

e Saturated picric acid: Add 3.75 g wet picric acid to 250 ml distilled water
and stir overnight. The saturation of picric acid is important.

® Picrosirius red solution: 0.25 g Sirius-red (Cat # F3B C.I. 35782, Direct
Red 80, Sigma) in 250 ml saturated picric acid solution.

e Acidified water: 5 ml glacial acetic acid in 1 L dH,O.

The staining procedure: (1) Prepare formalin-fixed, paraffin-embedded
liver tissue sections (4 LM) from the mice after the AHF or normal chow
diet as described in Section 2.1. The section slides are then subjected to
standard deparaffinization/hydration process. (2) Stain the tissue sections
with picrosirius red solution for 1 h. (3) Wash the section slides with
acidified water and subsequent dH,O. (4) Dehydrate the slide sections
through the regressive graded alcohol followed by soaking the sections in
fresh xylenes. (7) Mount with Permount.

The stage of liver fibrosis depends on the extent of fibrosis and tissue
architectural remodeling (Brunt ef al., 1999). Four stages of fibrosis have
been defined: stage 1, perisinusoidal fibrosis in liver tissue zone 3, the center
of acinus that has the poorest oxygenation; stage 2, zone 3 perisinusoidal
fibrosis plus portal fibrosis; stage 3, perisinusoidal fibrosis, portal fibrosis, plus
bridging fibrosis; and stage 4, cirrhosis. Collagen type I represents 1% of the
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Figure 19.2 Sirius-red staining of paraffin-embedded liver tissue sections from
C57BL/6 mice fed with either normal chow diet (A) or the AHF diet (B) for 6 months.
The staining shows the progression to stage 2 fibrosis, which is represented by increased
deposition of collagen in hepatic zone 3 perisinusoidal and portal area (pointed by
arrows), in the liver tissue of the mice after the AHF diet (B). Magnification: 200X.
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total liver proteins in normal liver, but it represents 50% of the total liver
proteins in cirrhotic liver (Bataller and Brenner, 2005; Stefanovic ef al.,
1997). In the livers of mice after the AHF diet for 6 months, liver fibrosis of
stage 3 can be observed, suggesting severe steatohepatitis developed under
the metabolic diet (Fig. 19.2).

Note: Picrosirius red solution is stable at room temperature for up to
3 years and could be used many times. The staining time for picrosirius red
solution should be exactly 1 h. Shorter time would not stabilize the color.
Washing the tissue sections in the acidified water is important for maintain-
ing the dye.
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Abstract

The signal transduction network in regulating lipid
metabolism is a hot topic of biomedical research. Recent
research endeavors reveal that intracellular stress
signaling from a cellular organelle called endoplasmic
reticulum (ER) is critically involved in lipid homeostasis
and the development of metabolic disease. The ER
is a site where newly-synthesized proteins are folded
and assembled into their three-dimensional structures,
modified and transported to their precise cellular
destinations. A wide range of biochemical, physiological
and pathological stimuli can interrupt the protein folding
process in the ER and cause accumulation of unfolded or
misfolded proteins in the ER lumen, a condition referred
to as ER stress. To cope with this stress condition,
the ER has evolved highly-specific signaling pathways
collectively termed Unfolded Protein Response (UPR) or
ER stress response. The UPR regulates transcriptional
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and translational programs, affecting broad aspects
of cellular metabolism and cell fate. Lipogenesis,
the metabolic process of de novo lipid biosynthesis,
occurs primarily in the liver where metabolic signals
regulate expression of key enzymes in glycolytic and
lipogenic pathways. Recent studies suggest that the
UPR plays crucial roles in modulating lipogenesis under
metabolic conditions. Here we address some of recent
representative evidence regarding the role of the UPR in
lipogenesis.
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INTRODUCTION

In the liver, the lipid content is regulated by dietary fatty
acids or carbohydrates uptake, hepatic fatty acids bio-
synthesis, esterification, oxidation and export. Metabolic
signals such as an excess of fatty acids, glucose or insulin
can regulate the activity or abundance of key transcription
factors to modulate hepatic lipid metabolism!”, Many
hepatic transcription factors have been identified as pro-
spective targets for de novo lipogenesis and fatty acids
oxidation including sterol regulatory element binding
protein-lc (SREBP-1c¢), liver X receptor (LXRay), pero-
xisome proliferator-activated receptors (PPARq, 8, y1, and
y2) and carbohydrate-responsive element-binding protein
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(ChREBP)[Z’ﬂ. These factors integrate signals from various
pathways and coordinate the activity of the metabolic
machinery necessary for hepatic lipid metabolism with the
supply of energy and fatty acids.

Recently, accumulating evidence suggests that en-
doplasmic reticulum (ER) stress response is critically
involved in hepatic lipid metabolism. The presence
of ER stress is evidenced in the liver of high fat diet-
induced obese mice™”. The specific type of fat deposited
in the liver may directly induce ER stress response and
precipitate the development of non-alcoholic fatty
liver disease (NAFLD)[S]. The presence of increased
circulating and/or hepatic saturated fatty acids but not
polyunsaturated fatty acids may exacerbate hepatic
steatosls, steatohepatitis and liver cell apoptosis through
activating ER stress responseD’H]. These observations
implicate a crucial role for the signaling pathways from the
ER in the development and progression of hepatic lipid-
associated diseases.

UNFOLDED PROTEIN RESPONSE

The ER is the network of interconnected membranous
structures within the cytoplasm of eukaryotic cells
contiguous with the outer nuclear envelope. The ER
has been primarily recognized as a compartment for
protein folding and assembly, a pool of free calcium and
a site for lipid and sterol biosynthesis[m. As a protein-
folding compartment, the ER provides a high-fidelity
quality control system to ensure that only correctly
folded proteins can be transported out of the ER while
unfolded or misfolded proteins are retained in the ER
and eventually degraded. Under stress conditions, such
as those that disrupt protein glycosylation, disulfide bond
formation, ER and calcium channels, redox/oxidative
stress, nutrient deprivation or viral infections, can cau-
se accumulation of abnormally folded proteins or un-
assembled subunits”'?. The ER has evolved a highly
specific signaling pathway termed Unfolded Protein
Response (UPR) to help relieve the ER from the ac-
cumulation of unfolded or misfolded proteins (Figure 1).
There are three ER transmembrane proteins that function
as UPR transducers: inositol-requiring 1o (IREla),
double-stranded RNA-dependent protein kinase (PKR)-
like ER kinase (PERK) and activating transcription
factor 6 (ATT6). It has been proposed that all three UPR
transducers have the ER chaperone glucose regulate
protein 78 (GRP78) bound to their ER luminal domains.
This interaction allows GRP78 to act as a repressor of
activation of the UPR transducers'”. Under ER stress
conditions, dissociation of GRP78 from the ER luminal
domains of IRElq, PERK and/or ATFG6 allows them to
be activated.

Within minutes to hours after ER stress, the UPR
transducer PERK-mediated translation attenuation occurs
to prevent newly-synthesized proteins entering into the
ER"". The activated PERK cytosolic domain leads to
translational attenuation by phosphorylating o subunit
of eukaryotic translation-initiation factor 2q, (eIF2q.).
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This procedure also causes cell cycle arrest in G1 phase
by translational attenuation of the proteins involved in
running the cell cycle. Under ER stress, IRE1a is also
activated by homodimerization and autophosphorylation.
Activated IRE1q, functions as an endoribonuclease to
splice the mRNA encoding a basic leucine zipper
(bZIP) transcription factor XBP1"*, In addition to
its endoribonuclease activity, activated IRE1lo can serve
as a scaffold protein that recruits tumor-necrosis factor
(INEF)-receptor-associated factor 2 (TRAF2) leading to
activation of Jun amino-terminal kinases (JNK)-mediated
inflammatory stress signaling pathway[23]. Upon UPR
activation, ATFG is released from the ER membrane and
transits into the Golgi compartment where it is cleaved by
site-1 protease (S1P) and site-2 protease (S2P) to release
its functional fragrnent[24]. This fragment then moves into
the nucleus and functions as a bZIP transcription factor
to activate expression of UPR target genes. The primary
role of the UPR is to protect the cell from ER stress by
reducing the amount of proteins translocated into the ER
lumen, increasing retrotranslocation and degradation of
ER-localized proteins and augmenting the protein-folding
capacity of the ER. However, under prolonged ER stress
the role of the UPR will change from promoting cellular
survival to the pathway of programmed cell death or
apoptosis[zs]. In recent years, the scope and consequences
of ER stress and the UPR have significantly expanded.
The UPR is essential for cells to augment ER protein
folding capacity and remodel their secretory pathways in
response to developmental demands and physiological
changes[zﬂ. In particular, the ER stress response can be
triggered by metabolic factors and intrinsic feedback
effectors. Prolonged or insufficient ER stress response
may turn physiological mechanisms into pathological
COIlSCunanESm’ZS]. Indeed, the UPR has been identified
as fundamental cell signaling that is critical for health and
disease.

UPR IN LIPOGENESIS

Recent evidence suggests that ER stress response is clo-
sely associated with lipid-associated metabolic disease.
Three UPR pathways mediated through IREla, PERK
and ATF6 were reported to be involved in the regulation
of lipid metabolism. The UPR #trans-activator XBP-1,
the downstream target of IREla under ER stress, can
regulate expression and activities of key enzymes in
phospholipid biosynthesis®. Under ER stress, the acti-
vated form of XBP1 can increase the activity of the
cytidine diphosphocholine (CDP-choline) pathway for
biosynthesis of phosphatidylcholine and thus induce ER
biogenesism’m. Interestingly, a recent study revealed a
distinguished role of XBP1 in de novo fatty acid synthesis
in the liver”". The IRE1¢/XBP1 UPR branch was
activated in the liver of mice under the high-carbohydrate
diet and directly controlled the expression of genes in-
volved in fatty acid biosynthesis including the genes en-
coding acetyl CoA carboxylase 2 (Acc2), diacylglycerol
acyltransferase 2 (Dgat2) and stearoyl CoA desaturase
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Figure 1 The involvement of the Unfolded Protein Response (UPR)
signaling in lipid metabolism. The UPR pathway through inositol-requiring
1o (IRE1a)/XBP1 or activating transcription factor 6 is involved in endoplasmic
reticulum (ER) expansion by enhancing phospholipid biosynthesis under ER
stress conditions. The IRE1a/XBP1 pathway also regulates lipogenesis by
inducing expression of the key enzymes required for triglyceride synthesis under
metabolic stress. Additionally, the IRE1a/XBP1 UPR branch can drive C/EBPa
expression, facilitating adipogenesis and possibly lipogenesis. The UPR pathway
through PERK/eukaryotic translation-initiation factor 2c. can stimulate expression
of the key lipogenic regulators C/EBPa,, C/EBPB, and PPARy, promoting
lipogenesis under metabolic stress.

1 (Scdl). Deletion of XBP1 in the mouse liver caused
profound hypocholesterolemia and hypotriglyceridemia
which were primarily due to diminished lipogenesis.
Surprisingly, the regulation of lipogenesis by the UPR
component IRE1a,/XBP1 was unlikely to be related to
the ER stress response. The activation of XBP1 by high
dietary carbohydrates and its association with other UPR
components in regulating lipid metabolism remains to
be further elucidated. Additionally, a recent study de-
monstrated that the IRE1o-XBP1 UPR pathway is indis-
pensable for adipogenesis”™. XBP1-deficient mouse
embryonic fibroblasts and 3T3-L1 cells with XBP1 or
IRE1a knockdown exhibit profound defects in adi-
pogenesis. Intriguingly, C/EBP, an eatly adipogenic
regulator, induces Xbp1 expression by directly binding to
its proximal promoter region. Subsequently, spliced XBP1
binds to the promoter of C/EBPa and activates its gene
expressionpz]. Since C/EBPq and C/EBP ate also key
regulators of lipogenesis, the interactions between C/EBP
family transcription factors and the IRE1g-XBP1 UPR
pathway may play a key role in adipocyte differentiation by
regulating lipid metabolism and morphological as well as
functional transformations during adipogenesis.

In addition to IRE1q,/XBP1, the UPR transducer
ATFG6 was also involved in phospholipid biosynthesis
and ER expansion as well as hepatic lipid homeostasis
associated with acute ER stress” . ATF6a, knockout
mice displayed no obvious phenotype under normal
condition but showed profound hepatic steatosis under
acute ER stress induced by tunicamycin challenge®.
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Acute ER Stress altered expression of genes involved in
maintaining energy and lipid homeostasis. Particularly,
the expression of genes encoding microsomal triglyceride
transfer protein (MT'TP), sterol regulatory element binding
protein (SREBP)-1, peroxisome proliferator-activated
receptor y coactivator-1g, (PGCla) and peroxisome pro-
liferator-activated receptor oo (PPARa) was suppressed
by ER stress in both wild type and ATF6o-null animals
treated with tunicamycin, but this suppression was much
greater in ATF6q-null animals. Furthermore, the cytosolic
lipid droplet protein marker adipose differentiation-related
protein (ADRP) was more significantly up-regulated
in ATF6a knockout animals compared to the control
animals. The results suggested that the increased lipid
accumulation in the livers of ATFG6o.-deficient animals
was partially due to a defect in fatty acid oxidation and
possibly augmented by impaired lipoprotein secretion.

The UPR branch mediated through PERK/eIF2a
was also implicated in regulating lipogenesis. In the high-
fat-fed mice, PERK-mediated elF2¢, phosphorylation
was crucial for the expression of lipogenic genes and the
development of hepatic steatosis by controlling expression
of C/EBP family and PPARy transcription factors®™.
Enforced expression of the elF2q-specific phosphatase
GADD34 can lead to lower liver glycogen levels and
susceptibility to fasting hypoglycemia in lean mice and
glucose tolerance and diminished hepatosteatosis in the
high-fat-fed mice. Attenuated elF2q, phosphorylation
resulted in lower expression of PPARy and its upstream
regulators C/EBPq, and C/EBPP suggesting that the
translational control through phosphorylation of elF2q
is an important regulatory mechanism for lipogenesis
under physiological ER stress. Additionally, the mammary
gland lipogenesis was down-regulated in PERK-deficient
mammary epithelial cells. SREBP1 expression was sig-
nificantly down-regulated in the PERK-deficient mam-
mary-gland cells™. Therefore, PERK-mediated UPR
pathway likely regulates SREBP1-related de novo lipid
synthesis in mammary gland. Supporting the role of ER
stress response in lipogenesis, ER stress has been shown
to activate the lipogenic transcription factor SREBP-1 and
-2 leading to modulation of the lipogenic p:flthwaysm’3 I
Consistent with this observation, over-expression of
GRP78/BIiP, the master negative regulator of the UPR,
in the liver of obese (0b/0b) mice can inhibit SREBP-1c
cleavage and the expression of SREBP-1c¢ and SREBP-2
target genesm]. Hepatic triglyceride and cholesterol con
tents were reduced and insulin sensitivity was improved
in GRP78-over-expressed mice. Together, these stu-
dies confirmed crucial roles of the UPR pathways in li-
pogenesis and the pathogenesis of lipid-associated meta-
bolic disease.

CONCLUSION

A growing body of evidence suggested that UPR is
critically involved in lipogenesis. The UPR pathways
may represent attractive targets for future therapeutic
intervention in modulating lipid metabolism associated
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with metabolic diseases. Indeed, recent studies demon-
strated that small chemical chaperones such as 4-phe-
nylbutyric acid (PBA) and taurine-conjugated ursodeo-
xycholic acid (TUDCA) can reduce ER stress in liver
and adipose tissues and thus enhance insulin sensitivity
and glucose tolerance in mouse models of severe obesity
and type 2 diabetes (0b/ 0b)™™. For future studies it is
important to elucidate ER stress-associated mechanisms
in regulating lipid metabolism under metabolic conditions.
The resultant information will be important for designing
novel strategies for the prevention and treatment of me-
tabolic disease.
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Abstract: There has been much effort to define the molecular basis by which pathophysiological stimuli initiate and/
or propagate the inflammatory response. Recent research endeavors on stress response from a cellular organelle
called the endoplasmic reticulum (ER) shed new light on the understating of the molecular basis of the inflammatory
response and its interaction with other intracellular stress signaling pathways. As a protein folding compartment and
dynamic calcium store, the ER plays major roles in sensing cellular stress and mediating highly-specific signaling
pathways termed Unfolded Protein Response (UPR). The UPR signaling emanating from the ER has been identified as
one of the avenues leading to the inflammatory response. The integration of ER stress, oxidative stress, and the in-
flammatory response is critical to the pathogenesis of a variety of diseases. In this brief review, we discuss some
representative evidence for the integration of ER stress, oxidative stress, and inflammation in health and disease.

Keywords: ER stress, oxidative stress, inflammation, unfolded protein response, metabolic factors, inflammatory

disease

Introduction

In eukaryotic cells, the ER is an organelle re-
sponsible for folding and assembly of mem-
brane and secreted proteins, synthesis of lipids
and sterols, and storage of free calcium [1, 2].
As a protein folding compartment, the ER pro-
vides a unique oxidizing environment in which
molecular chaperones and folding enzymes fa-
cilitate and promote protein post-translational
modification, folding, and oligomerization [1].
The ER has evolved a high-fidelity quality control
system to ensure that only correctly folded pro-
teins are transported to the Golgi compartment
and then delivered to the extracellular environ-
ment. However, physiological states that in-
crease protein-folding demand, or stimuli that
disrupt protein folding reactions, create an im-
balance between the protein-folding load and
the capacity of the ER. This can cause the accu-
mulation of unfolded or misfolded proteins in
the ER lumen - the condition referred to “ER
stress” [2-7]. To deal with the accumulation of
unfolded or misfolded protein in the ER, the
cells activate a group of signal transduction

pathways collectively termed Unfolded Protein
Response (UPR) to alter transcriptional and
translational programs. In mammalian cells, the
basic UPR pathways are mediated through three
ER-transmembrane protein factors, including
IRE1x (inositol-requiring 1 alpha), PERK (double
-strand RNA-activated protein kinase-like ER
kinase), and ATF6 (activating transcription fac-
tor 6). IRElx is a protein kinase and endoribo-
nuclease that can splice the mRNA encoding a
basic leucine zipper (bZIP) transcription factor
XBP1 under the ER stress, leading to expression
of the activated form of XBP1 [6, 8, 9]. The
IRE1a/XBP1 arm of the UPR facilitates cell ad-
aptation to ER stress by activating expression of
a group of genes that are required for protein
refolding, secretion, and degradation of mis-
folded proteins [10]. PERK is a protein kinase
that phosphorylates alpha-subunit of eukaryotic
translation initiation factor (elF2a), leading to
translational attenuation in general [11, 12].
The translational attenuation can reduce the
workload of the ER by preventing production of
newly-synthesized proteins. ATF6 is a bZIP tran-
scription factor of CREB/ATF family that is acti-
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Figure 1. Crosstalk between ER stress, oxidative stress, and the inflammatory response. Many physiologic or patho-

logic conditions can stimulate the production of ROS. ROS can

target ER-based calcium channels and chaperones,

leading to release of calcium from the ER to the cytosol. Increased cytosolic calcium can stimulate mitochondria
metabolism to produce more ROS. Mitochondrial ROS can further accentuate calcium release from the ER, leading
to the accumulation of a toxic level of ROS. Meanwhile, perturbation of ER calcium homeostasis can disrupt protein
folding process, causing ER stress and the activation of the UPR. The UPR can subsequently promote the inflamma-

tory response, anti-oxidative stress response, apoptosis, and ot

vated through a regulated-intramembrane pro-
teolysis (RIP) under ER stress [13]. Activated
ATF6 activates expression of UPR target genes
encoding ER chaperones and folding enzymes
to help protein folding, secretion, and degrada-
tion [14]. The initial phase of the UPR is to facili-
tate the cell adaption to ER stress. However, if
the attempt to recover from ER stress fails or
the ER stress gets prolonged, the UPR will in-
duce cell death programs to eliminate the
stressed cells [15].

In recent years, the scope and consequence of
ER stress and the UPR have been significantly
expanded. A growing body of evidence suggests
that ER stress, oxidative stress, and the inflam-
matory response are cross-linked and that limit-
ing of either one will affect the others [7, 16].
Inflammation can be triggered by chronic excess

34

her stress response pathways.

of metabolic factors, such as cytokines, hor-
mones, cholesterol, lipid, and glucose. Interest-
ingly, in many physiological or pathological sys-
tems, those metabolic factors can also trigger
ER stress and oxidative stress, which can fur-
ther disrupt metabolic function, leading to more
inflammation. Such vicious cycles could be ac-
counted for many pathophysiological events
leading to metabolic deterioration in specialized
cell types, such as macrophage, adipocytes, and
pancreatic B-cells [7]. Importantly, intracellular
calcium signals and free radicals, such as reac-
tive oxygen species (ROS) and nitric oxide (NO),
are key messengers for the interaction between
ER stress, oxidative stress, and inflammation. In
these interactive signal transduction processes,
the functions of the ER and mitochondria are
closely linked. These two organelles build up a
dynamic network where they generate calcium

Int J Clin Exp Med 2010: 3(1):33-40
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signals and ROS to stimulate ER stress, oxida-
tive stress, and inflammation (Figure 1).

Metabolic factors that trigger ER stress, oxida-
tive stress, and the inflammatory response

Cholesterol

Cholesterol is an essential nutrient component
for life but also associated with inflammation
and the pathogenesis of metabolic disease if it
is in pathological excess. Cholesterol, either
synthesized in the ER or derived from the diet, is
an essential component required to build and
maintain all cell membranes. The cholesterol
metabolism is closely associated with the ER
function. This is well illustrated by the macro-
phage loaded by excessive unesterified, or
"free” cholesterol [17, 18]. Upon elevation of
lipids in the bloodstream, a metabolic condition
referred as “hyperlipidemia”, macrophages take
up excessive amounts of cholesterol, resulting
in formation of foam cells or inflammatory
macrophages. Notably, the accumulation of
cholesterol in macrophages induced synthesis
of pro-inflammatory cytokines, including TNFa
and IL6, by activating the nuclear factor kappa
B (NF-kB) and the mitogen-activated protein
kinases-mediated inflammatory pathways [19,
20]. Importantly, the activation of all these in-
flammatory pathways required cholesterol traf-
ficking to ER and were modulated by PERK- and
IRE1a-mediated UPR signaling. It has been
demonstrated that the accumulation of choles-
terol in macrophage leads to overload of
unesterified, or "free” cholesterol in the ER
membranes and subsequent depletion of ER
calcium stores [17]. This condition causes ER
stress and elicits the UPR in the macrophages
as shown by the activation of three ER stress
sensors, including PERK, IRE1a and ATF6, and
their downstream effector molecules. Interest-
ingly, CHOP, the target of PERK-mediated UPR
pathway, is required for IL6 induction and full
activation of Erk kinase induced by overload of
cholesterol [19]. However, one or more other ER
stress response pathways, possibly the ER-
overload response, might also contribute to NF-
kB activation induced by cholesterol accumula-
tion, as the ER calcium release and ROS genera-
tion occurred with cholesterol overloading in the
macrophage [19, 21]. Eventually, if the hyperlip-
idemia condition becomes chronic, the ER
stress-induced pro-apoptotic factor CHOP would
be activated to induce macrophage death that

35

possibly contributes to necrosis and plaque dis-
ruption in atherosclerotic lesion [17, 22].

Homocysteine

Homocysteine is a sulfur-containing amino acid
that is generated inside the body and required
for biosynthesis of methionine and cysteine. The
absence of vitamin B6, B12 or folic acid in food,
or chronic alcohol consumption can affect ac-
tivities of enzymes required for methionine, ho-
mocysteine and cysteine metabolisms and sub-
sequently lead to accumulation of homocysteine
in the body. Homocysteine has been considered
as an independent risk factor for cardiovascular
diseases. The highly reactive thiol group of ho-
mocysteine undergoes oxidization to form ROS,
inducing oxidative stress and the inflammatory
response [23, 24]. Homocysteine can also inter-
rupt disulfide bond formation during protein
folding, and thus causing ER stress and activa-
tion of the UPR [25, 26]. In fact, multiple cellu-
lar stress pathways including ER stress, oxida-
tive stress, and inflammation are associated
with accelerated atherosclerosis in animal mod-
els fed with high-homocysteine diets. Markers of
ER stress (GRP78/94 and phospho-PERK), oxi-
dative stress (HSP70), and inflammation
(phospho-1kB) were simultaneously detected in
advanced atherosclerotic lesions fed with high-
homocysteine diets. ER stress-induced apop-
tosis, which is synergized by oxidative stress
and inflammatory signaling, likely accounts for
the cell injury and dysfunction during athero-
sclerosis induced by homocysteine [27].

Cytokines

Pro-inflammatory cytokines including TNFa, IL6,
and IL1b can induce ER stress in liver hepato-
cytes, leading to the activation of the hepato-
cyte-specific stress sensor CREBH to mediate a
liver acute phase response [28]. In mouse can-
cer fibrosarcoma cells, TNFa appears to be a
strong ER stress inducer that activates three
major UPR pathways as shown by PERK-
mediated elF2a phosphorylation, Xbpl mRNA
splicing and ATF6 cleavage [29]. In the central
nervous system, the presence of T cell-derived
cytokine interferon-gamma (IFN-y) was associ-
ated with the activation of the PERK branch of
the UPR and ER stress-induced apoptosis in the
oligodendrocyte, a cell type that produces vast
amounts of myelin [30-32]. Myelin is a unique,
lipid-rich, multilamellar sheath that wraps axons

Int J Clin Exp Med 2010; 3(1):33-40
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of neurons. Thus, IFN-y is believed to contribute
to immune-mediated demyelinating disorders by
inducing ER stress-mediated oligodendrocyte
death. It has been documented that those in-
flammatory cytokines induce ER stress by trig-
gering calcium signals and accumulation of ROS
associated with the ER protein folding process
and mitochondrial metabolisms [30]. ER stress
can also arise in the inflammatory state of
obese adipose tissue. In obesity, elevated levels
of cytokine and hormones, such as leptin, insu-
lin, TNFc, IL6, and IL1B, stimulate metabolisms
and cell differentiation programs in the liver,
adipose, and pancreas, leading to increased
protein folding demands to the ER [33]. This
situation would result in a physiological UPR
and chronic inflammation in the specialized cell
types, such as macrophages, hepatocytes, adi-
pocytes, and pancreatic B cells [34]. Addition-
ally, the bacterial toxin lipopolysaccharide (LPS),
a strong inducer of the inflammatory response,
has been shown to induce ER stress and ER
stress-associated apoptosis in the liver and lung
tissues [28, 35].

Glucose

Glucose is a primary source of energy and meta-
bolic intermediate in most organisms from bac-
teria to humans. The metabolism of glucose is
tightly controlled at the levels of synthesis and
utilization through hormonal regulation [36].
The ER is exquisitely sensitive to glucose avail-
ability. The blood glucose levels influence the
energy supply for the protein folding process in
the ER, and thus are associated with the activa-
tion of the UPR and inflammation by stimulating
ER stress and the production of free radicals.
UPR signaling has been proposed to be essen-
tial to maintain glucose homeostasis [37]. This
is well exemplified in pancreatic (3 cells, the spe-
cialized insulin-producing cells. As blood glu-
cose declines, energy may become limiting for
protein folding in the ER and therefore PERK-
mediated UPR pathway may be activated, lead-
ing to translational attenuation to reduce the ER
workload. As blood glucose levels rise, the UPR
pathways are turned off so that translation
would accelerate, allowing entry of new proinsu-
lin into the ER. However, continual elevation of
blood glucose could prolong elevated proinsulin
translation and eventually activate the UPR as
the secretion capacity of the ER is overwhelmed
[38]. This condition could also induce inflamma-
tion as characterized by increased expression of
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pro-inflammatory cytokines [39, 40]. Therefore,
a delicate balance between glucose levels and
the UPR needs to be maintained. Disturbances
in either direction may lead to B cell dysfunc-
tion.

Fatty acids

Accumulating evidence suggested that satu-
rated fatty acids, such as palmitate and oleate,
can induce ER stress and ER stress-associated
apoptosis in various metabolic cells by trigger-
ing calcium signals and free radicals [34, 41].
Palmitate, the major saturated fatty acid in the
“Western” style diet, was shown to induced ER
stress-associated apoptosis mediated through
CHOP in liver cells [41]. The presence of in-
creased circulating and/or hepatic saturated
fatty acids (palmitate and stearate), but not
polyunsaturated fatty acids (oleate and Ii-
noleate) may exacerbate steatohepatitis and
lipotoxicity through activating ER stress-
associated apoptosis [41, 42]. These observa-
tions implicated a crucial role for the signaling
pathways from the ER in the pathogenesis of
non-alcoholic fatty liver disease (NAFLD). More-
over, inhibition of ER calcium release by calcium
chelators can prevent saturated fatty acid-
induced ER stress and apoptosis in H4IIE liver
cells and in primary rat hepatocytes, supporting
that saturated fatty acids induce ER stress
through disrupting ER calcium pool [43]. More
recently, palmitate was shown to induce ER
stress and apoptosis in hypothalamic neurons
through a c-Jun N-terminal kinase (JNK)-
dependent pathway [44]. Palmitate can also
induce lipotoxic ER stress in pancreatic B cells
via the effect on intracellular calcium homeosta-
sis [45, 46].

In addition to those described above, many
other metabolic factors can also induce both ER
stress and inflammatory pathways in a variety of
cell types when they are in pathological excess.
For example, neurotransmitters including 6-
hydroxydopamine and glutamine can induce the
UPR and inflammation in cellular models of
Parkinson's disease by disrupting calcium ho-
meostasis and/or stimulating oxidative stress in
the neuron cells [47] [48]. Notably, most of
those effects are generated by the similar
mechanism involving production of calcium sig-
nals and reactive oxygen intermediates.

Int J Clin Exp Med 2010; 3(1):33-40
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Calcium and free radicals as the messengers
triggering ER stress, oxidative stress, and the
inflammatory response

Calcium and free radicals including ROS and NO
are intracellular signaling messengers that play
critical roles in cell physiology and disease
pathogenesis. In fact, calcium signals and free
radicals are major inflammatory mediators. Over
the past few years, it has become increasingly
apparent that calcium and free radicals are es-
sential mediators that link ER stress to inflam-
mation during metabolic processes. As an intra-
cellular calcium store, the ER possesses cal-
cium at a concentration thousands of times
greater than that in the cytosol. The calcium
levels inside the ER are modulated by the ER-
located calcium release channels, including
inositol-1,4,5-trisphosphate receptor (IPsR) and
the ryanodine receptor, the calcium uptake
mechanism mediated through Sarco/
Endoplasmic  Reticulum  Calcium ATPase
(SERCA), and numerous ER-associated enzy-
matic cascades [49-52]. ER stress-inducing
pharmaceutical agents and many metabolic
factors, such as cytokines, hormones, neuro-
transmitters, and lipids, can target on ER-based
calcium channels and affect the activities of
calcium-dependent protein folding enzymes,
leading to the release of Ca2* from the ER lu-
men [7, 16, 53]. This will increase the concen-
tration of cytosolic Ca2* influx, which subse-
quently stimulates the mitochondria metabo-
lism to generate more ROS. ROS can further
target the ER calcium channels and protein fold-
ing enzymes to exacerbate ER calcium release
and ER stress. As a consequence, unfolded or
misfolded proteins accumulate in the ER, fol-
lowed by the activation of the UPR pathways to
promote the inflammatory response, anti-
oxidative response, apoptosis, and other stress
response pathways [6, 7] (Figure 1). This for-
ward vicious cycle may account for many patho-
logical processes that are triggered by inflam-
matory stimuli, oxidative stress, and/or ER
stress. Notably, recent studies suggested that
mitochondria can form junctions with the sarco/
ER, which provides a platform for the local cal-
cium-ROS interaction [52, 54].

NO is a free radical gas produced during a vari-
ety of metabolic processes, such as regulation
of blood vessel dilatation, immune response,
and neurotransmissions. Accumulation of a
large amount of NO is toxic to the host and
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known to cause many deterious diseases in-
cluding hypotension, septic shock, neurodegen-
erative disease, and diabetes. Excessive NO can
target on ER calcium stores and mitochondrial
electron transfer chains, causing ER stress and
production of ROS. This mechanism accounts
for most NO-induced inflammation and meta-
bolic disorders. In addition, recent findings sug-
gest that NO can inhibit the activity of protein
disulfide isomerase (PDI) that is required for
protein disulfide bond formation, thereby ham-
pering proper protein folding and aggravating
ER stress in neuronal cells [55].

Specialized cell types in which ER stress, oxida-
tive stress, and the inflammatory response are
integrated.

The cross-talks between ER stress, oxidative
stress and the inflammatory response are well
demonstrated at the functional interface of pro-
fessional cells of primarily immune or metabolic
nature. Those cells, including liver hepatocytes,
macrophages, adipocytes, pancreatic B cells,
and neuronal oligodendrocytes, are specialized
for a high secretory capacity in cope with the
increased demand of protein synthesis [7, 56,
57]. Therefore, they are exquisitely sensitive to
ER stress or changes of metabolic status. In
those cells, nutrients such as glucose, lipids,
and cytokines can activate both the UPR and
the inflammatory pathways by triggering calcium
signals, ROS, and/or NO. The inflammatory
stress signaling regulates the production of vari-
ous cytokines including TNFa and IL6, and pro-
motes production of other metabolic factors
classified as hormones, growth factors, and
neurotransmitters to mount a broader inflam-
matory response. For example, adipocyte is the
most abundant cell type composing the adipose
tissue. In addition to its inherent properties of
fat cells in energy storage, adipocytes play a
crucial role in the generation of a variety of pro-
inflammatory cytokines, chemokines and hor-
mones [57]. Metabolic conditions, such as lipid
accumulation, elevated glucose or excessive
cytokines, can stimulate increased demands for
protein synthesis and production of ROS in adi-
pocytes, which subsequently induce the UPR
and inflammatory response to accelerate pro-
duction of cytokines and hormones [57, 58].
Integrated UPR and inflammatory signaling in
adipocytes may significantly contribute to the
inflammatory state of obesity that is associated
with insulin resistance. A similar “stress-
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inflammation” interactive loop also occur to
macrophages and pancreatic B cells where ER
stress, oxidative stress, and inflammation inter-
act and amplify by attacking the ER and mito-
chondria as well as various other metabolic
pathways [7, 19, 33, 59].

Concluding remark

We discussed recent evidence of the integration
of ER stress, oxidative stress, and inflammation
in health and disease. Depending on the cell
type and physiological process, either ER stress,
or oxidative stress, or the inflammatory re-
sponse may be more prominent or upstream of
the others. However, these signaling pathways
interact and are ultimately integrated in the
pathogenesis of a variety of diseases. The re-
lated information is particularly important for
the design of effective therapeutics for the in-
flammatory diseases by modulating ER stress,
oxidative stress, and/or the inflammatory re-
sponse. Given the complexity of stress signaling
network, targeting a signal inflammatory stress
mediator may not be effective or beneficial in
controlling disease pathogenesis. Therefore, the
research work in delineating the interface of
stress signaling and the inflammatory response
will definitely contribute to our better under-
standing of the pathogenesis of inflammatory
diseases as well as pharmaceutical interven-
tions toward controlling inflammation and
stress.
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Abstract: In eukaryotic cells, the endoplasmic reticulum (ER) is an organelle that is responsible for protein folding and
assembly, lipid and sterol biosynthesis, and free calcium storage. In the past decade, intensive research effort has
been focused on intracellular stress signaling pathways from the ER that lead to transcriptional and translational
reprogramming of stressed cells. These signaling pathways, which are collectively termed Unfolded Protein Response
(UPR), are critical for the cell to make survival or death decision under ER stress conditions. In recent years, research
in the cancer field has revealed that ER stress and the UPR are highly induced in various tumors and are closely
associated with cancer cell survival and resistance to anti-cancer treatments. Identifying the UPR components that
are activated or suppressed in malignancy and exploring cancer therapeutic potentials by targeting the UPR are hot
research spots. In this review, we summarize the recent progress in understating UPR signaling in cancer and its
related therapeutic potential.

Keywords: Endoplasmic reticulum, ER stress, unfolded protein response, cancer, malignancy, cancer therapy

Introduction

Inside a eukaryotic cell, there are numerous
organelles that play essential roles in cell sur-
vival and functions. Besides the nucleus, the
largest organelle is endoplasmic reticulum (ER),
an extensive membranous labyrinth network of
tubules, vesicles and sac that surrounds the
nucleus and expands to the cytosol [1]. The ER
has been primarily recognized as a compart-
ment for protein folding and assembly, a pool of
free calcium, and a site for lipid and sterol bio-
synthesis [2, 3]. Approximately one-third of
newly synthesized proteins are translocated into
the ER where they fold and assemble with the
help of a series of molecular chaperones and
folding catalysts. Inside the ER, co- and post-
translational modifications, including disulfide
bond formation and N-linked glycosylation, play
important roles in the folding and oligomeric
assembly of proteins. The ER provides a high-
fidelity quality control system to ensure that only
correctly folded proteins can be transported out
of the ER while unfolded or misfolded proteins

are retained in the ER and eventually degraded
[2]. As a protein-folding compartment, the ER is
exquisitely sensitive to alterations in homeosta-
sis. A number of biochemical, physiologic to
pathologic stimuli, such as those that cause ER
calcium depletion, altered glycosylation, nutri-
ent deprivation, oxidative stress, DNA damage,
or energy perturbation/ fluctuations, can inter-
rupt the protein folding process and subse-
quently cause accumulation of unfolded or mis-
folded proteins in the ER - a condition referred
to “ER stress” [3-8]. To ensure the fidelity of
protein folding and to handle the accumulation
of unfolded or misfolded proteins, the ER has
evolved a group of signal transduction path-
ways, the unfolded protein response (UPR) sig-
naling pathways, to alter transcriptional and
translational programs [3, 7]. The basic UPR
pathways in mammalian cells consist of three
main signaling cascades initiated by three pri-
mary ER-localized protein stress sensors: IRE1x
(inositol-requiring 1 alpha), PERK (double-strand
RNA-activated protein kinase-like ER kinase),
and ATF6 (activating transcription factor 6).
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Figure 1. Role of UPR signaling in health and disease. Under ER stress, three ER stress sensors
IRE1a, PERK and ATF6, are activated to alter transcriptional and translational programs to protect the
cell from stress caused by the accumulation of unfolded or misfolded proteins. The UPR is critical for
the cell to make survival or death decisions under ER stress conditions by altering translational and
transcriptional programs. Regulation through UPR signaling is crucial for the development of a variety
of diseases, including metabolic disease, cancer, neurodegenerative disease, and cardiovascular

disease.

IRE1x is a protein kinase and endoribonuclease
[9, 10], PERK is a protein kinase that is known
to phosphorylate alpha-subunit of eukaryotic
translation initiation factor (elF2a) [11, 12], and
ATF6 is a basic leucine zipper (bZIP) transcrip-
tion factor of CREB/ATF family [13]. The primary
role of the UPR is to prevent the cell from ER
stress by reducing the amount of proteins trans-
located into the ER lumen, increasing retro-
translocation and degradation of ER-localized
proteins, and augmenting the protein-folding
capacity of the ER (Figure 1). However, if the
attempt to recover from ER stress fails, the UPR
will induce cell death programs to eliminate the
stressed cells [14].

During tumorgenesis, the high proliferation rate
of cancer cells requires increased activities of
ER protein folding, assembly, and transport, a
condition that can induce physiological ER
stress [15]. Moreover, as the tumor grows, can-
cer cells experience increasing nutrient starva-
tion and hypoxia, which are strong inducers for
the accumulation of unfolded or misfolded pro-
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teins in the ER and the activation of the UPR
pathways [15, 16]. Indeed, accumulating evi-
dence has demonstrated that the UPR is an
important mechanism required for cancer cells
to maintain malignancy and therapy resistance.
Additionally, the possibility of targeting the UPR
signaling as a novel therapeutic strategy has
greatly inspired the cancer research community
and pharmaceutical industry.

The UPR pathways

When cells encounter ER stress, an immediate
response will be the activation of ER stress sen-
sor PERK through its homo-dimerization and
auto-phosphorylation [17]. Activated PERK
phosphorylates translation initiation factor
elF2a, leading to protein translational attenua-
tion in general. PERK-mediated translation at-
tenuation provides a survival signal, as this can
reduce the ER workload by preventing newly-
synthesized proteins from entering into the ER
which is saturated by unfolded or misfolded
proteins. This is evidenced by the fact that the
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inactivation of PERK-mediated UPR pathway
reduces cells’ ability to survive ER stress[18,
19]. However, while general protein translation
is inhibited, PERK-mediated elF2a phosphoryla-
tion can lead to preferentialtranslation of spe-
cific mRNAs that contain multiple upstream
open reading frames in their 5-untranslated
regions (ORFs). These upstream ORFs are by-
passed only when elF2a is phosphorylated, thus
allowingtranslation of the mRNA [20]. One of
those mRNAs is known to encode the transcrip-
tion factor 4 (ATF4). Under ER stress, phos-
phorylated elF2a selectively initiates translation
of atf4 mRNA [21]. ATF4 subsequently activates
expression of genes involved in cell metabolism,
anti-oxidative response, and ER stress-
associated apoptosis [18, 22].

Along with PERK-mediated translational repres-
sion, IRE1a- and ATF6-mediated UPR pathways
are also activated to increase protein folding
capacity and ER-associated protein degrada-
tion. Under ER stress, IREla is activated
through its homo-dimerization and auto-
phosphorylation. Activated IRE1a can function
as an endoribonuclease to initiate removal of a
26 nucleotide intron from the mRNA encoding X
-box binding protein 1 (XBP1) [17]. This uncon-
ventional mRNA splicing generates a translation
frameshift that enables the spliced Xbpl mRNA
to encode a functional potent bZIP transcription
factor. The spliced XBP1 can activate expres-
sion of a group of ER chaperones and enzymes
to help protein folding, maturation, secretion, as
well as degradation of misfolded proteins [23].
In addition to its endoribonuclease activity,
phosphorylated IRE1a can also serve as a scaf-
fold protein that recruits tumour-necrosis factor
(TNF)-receptor-associated factor 2 (TRAF2),
leading to activation of JUN N-terminal kinase
(JNK)-mediated signaling pathways [24]. Nota-
bly, the pro-apoptotic B-cell ymphoma 2 (BCL-2)
family members BAX and BAK can directly bind
to the cytosolic domain of IRE1a and augment
its kinase and endoribonuclease activities [25,
26]. The interaction of BCL-2 family members
with IRE1la may provide a molecular link be-
tween ER stress and apoptosis pathways. On
activation of the UPR, ATF6 is also released
from the ER membrane, and transits to the
Golgi compartment where it is processed by
proteases to produce an activated bZIP tran-
scription factor that activates expression of UPR
target genes [13]. Similar to spliced XBP1,
cleaved ATF6 also activates expression of a
group of genes involved in protein folding, se-
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cretion, and degradation in the ER [23, 27].
However, recent evidence suggests that ATF6,
but not XBP1, is dispensable for the differentia-
tion, function, or survival of specialized cell
types where the UPR signaling is required [28,
29].

If the stressed cells fail to adapt to and recover
from ER stress through the UPR-mediated sur-
vival programs, the UPR will initiate apoptotic
pathways to remove the stressed cells. The well-
defined pathway involved in the transition from
ER stress to apoptosis is mediated by a tran-
scription factor called GADD153/CHOP that is
downstream of the PERK/elF2a UPR pathway
[14, 30-32]. Under prolonged ER stress, acti-
vated PERK phosphorylates elF2a, which can
selectively induce translation of the mRNA en-
coding ATF4. ATF4 induces a pro-apoptotic fac-
tor GADD153/CHOP to mediate ER stress-
induced apoptosis. This is probably a case in
some viral infections in which the organism util-
izes ER stress-induced apoptosis to eliminate
the infected, stressed cells in order to limit viral
replication [33, 34]. Additionally, as part of the
UPR program, ER-associated Protein Degrada-
tion (ERAD) is responsible for the degradation of
aberrant or misfolded proteins in the ER and, in
addition to this “quality control” function, also
accounts for the degradation of several metab-
olically regulated, active ER proteins [35, 36].
During the process of ERAD, molecular chaper-
ones and associated factors recognize and tar-
get substrates for retrotranslocation to the cyto-
plasm, where they are polyubiquitinated and
degraded by 26S proteasome. ERAD is essential
for maintaining ER homeostasis, and disruption
of ERAD is closely associated with ER stress-
induced apoptosis [37].

The UPR in malignancy

Cancer cells possess rapid glucose metabolism
and fast growth rate, which leads to poor vascu-
larisation of tumor mass, low oxygen supply,
nutrient deprivation, and pH changes [16, 38].
On the other hand, cancer cells can express
mutant proteins that cannot be correctly folded,
and experience insufficient ER energy supply,
alteration of the redox environment, and viral
infection [39]. All of these can cause ER stress
and activation of the UPR. Increasing evidence
suggests that the UPR provides survival signal-
ing pathways required for tumor growth. Indeed,
increased expression of the UPR components,
including the UPR trans-activators XBP1 and

Am J Transl Res 2010;2(1):65-74



Endoplasmic reticulum stress response in cancer

ATF6, ER stress-associated pro-apoptotic factor
CHOP, as well as ER chaperones GRP78/BIP,
GRP94, and GRP170, have been detected in
breast cancer, hepatocellular carcinomas, gas-
tric tumors, and esophageal adenocarcinomas
[40]. Cancer cells may adapt to ER stress and
evade stress-induced apoptotic pathways by
differentially activating the UPR branches [41-
43]. Here, we discuss recent advances in under-
stating the roles of different UPR components in
malignancy.

ER chaperone GRP78/BiP

GRP78/BiP  (glucose-regulated protein of
78 kDa) is an abundant ER chaperone that uses
ATP/ADP cycling to regulate the protein folding
process [44, 45]. It has been proposed that the
initial activation of three ER stress sensors, in-
cluding IRE1a, PERK and ATF6, depends on the
dissociation of GRP78 in response to ER stress
[7]. Recent studies suggested that GRP78 plays
critical cytoprotective roles in oncogenesis [38,
44]. Increased expression of GRP78 has been
observed in a variety of cancers [46-48]. GRP78
over-expression was shown to provide important
survival signals for cancer cells during onco-
genesis and confers drug resistance in both
proliferating and dormant cancer cells [15].

The evidence that GRP78 is required for cancer
cell survival came from the observation that
suppression of GRP78 in fibrosarcoma cells
inhibited their ability to form tumors in vivo [49].
GRP78 has also been implicated in promoting
tumor cell proliferation. Over-expression of
GRP78 correlated with increased proliferation
rates of a range of glioma cells, while the knock-
down of GRP78 resulted in decreased prolifera-
tion rates of glioma cells [41]. Dong et al
showed that Grp78 heterozygosity prolonged
the latency period and significantly impeded
tumor growth in a genetic mouse model of
breast cancer where GRP78 expression level
was reduced by half [50]. Their results sug-
gested that GRP78 regulates cancer progres-
sion through three mechanisms, including en-
hancement of tumor cell proliferation, protection
against apoptosis, and promotion of tumor an-
giogenesis. Recently, in a large series of breast
cancer cases, expression of GRP78 and XBP-1
was observed in 76% and 90% of the breast
cancers [47]. The results suggested that the
UPR is activated in the majority of breast can-
cers and probably confers resistance to chemo-
therapy.
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Additionally, a link between the high GRP78
expression level and poor clinical outcome of
cancer therapy has been observed. For exam-
ple, high levels of GRP78 expression correlate
with increasing tumor grade in hepatocellular
carcinoma, poor clinical outcome in breast can-
cer, high rates of recurrence and mortality in
prostate cancer, and high rates of nodal metas-
tasis and reduced survival in gastric cancer[48,
51-53].

UPR signaling through IRE1o/XBP1

The UPR signaling through ER stress sensor
IRE1x and trans-activator XBP1 controls the
upregulation of a broad spectrum of UPR-
related genes involved in protein folding, trans-
port, and ERAD [23]. In addition to classical UPR
-related genes, the IRE1o/XBP1 arm of the UPR
also regulates expression of the genes involved
in cell differentiation, inflammation, lipogenesis,
and apoptotic pathways [54]. A number of re-
cent studies suggested that the IRE1/XBP1 arm
of the UPR is essential for malignancy mainte-
nance under oncogenic stress. Transformed
mouse embryonic fibroblasts or human fibrosar-
coma tumor cells (HT1080) that lack XBP1 dis-
played the inability to grow as tumor xenografts
in SCID mice [55, 56]. Instead, XBP1-deficient
cells showed increased apoptosis and de-
creased clonogenic survival under ER stress or
hypoxia condition. Furthermore, expression of
the dominant-negative form of IRE1x or inhibi-
tion of XBP1 by RNAi reduced blood vessel for-
mation during tumorgenesis in an intradermal
angiogenesis model or a human tumor xeno-
graft model [57]. However, expression of spliced
XBP-1 restored angiogenesis in IRELa dominant
-negative expressing cells, suggesting that the
UPR signaling through IRE1a/XBP1 is crucial for
angiogenesis in the early stage of tumor devel-
opment. Interestingly, the un-spliced form of
Xbpl mRNA was shown to encode a rapid-
turnover protein that can function as a domi-
nant negative factor to inhibit spliced XBP1 ac-
tivities [58, 59]. While high expression levels of
spliced XBP1 were associated with increased
tumor survival, high levels of the unspliced form
of XBP1 caused increased apoptosis of tumor
cells [60].

UPR signaling through PERK/elF2x
During tumorgenesis, cancer cells need to toler-

ate a subset of oncogenesis-associated cellular
stresses including DNA damage, hypoxia, pro-
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teotoxic, mitotic, and oxidative stress [16]. In
order to adapt to and overcome the stress, tu-
mor cells remodel the transcriptional and trans-
lational programs by activating pro-survival sig-
naling pathways. The UPR signaling through
PERK/elF2a has been demonstrated to confer a
survival advantage for tumor cells under hypoxic
stress [61]. Hypoxic stress can activate PERK,
leading to phosphorylation of elF2a in tumor
cells [61, 62]. Transformed mouse embryonic
fibroblasts from the PERK-deficient animals and
HT29 colorectal carcinoma cells expressing
dominant-negative PERK exhibited lower sur-
vival rates under hypoxic conditions, compared
to wild type cells [62]. These cells formed
smaller tumors and displayed higher levels of
apoptotic activity in hypoxic areas than the wild-
type control cells [63]. Additionally, tumors de-
rived from PERK-deficient mouse embryonic
fibroblasts exhibited limited ability to stimulate
angiogenesis [64]. Furthermore, the critical role
of PERK/elF2a-mediated UPR signaling in hy-
poxia survival is supported by a study with
mouse embryonic fibroblasts expressing a
“knock-in” mutant of elF2a (S51A) that cannot
be phosphorylated by PERK [63]. These cells
displayed an increased susceptibility to hypoxia
with virtually no survival under prolonged hy-
poxia conditions.

The therapeutic potential of targeting the UPR
components

The importance of the UPR in malignancy main-
tenance has inspired great interest in exploring
therapeutic potentials by targeting the UPR com-
ponents. Tumor cells grow under oncogenic
stress caused by hypoxia, nutrient deprivation,
DNA damage, metabolic and oxidative stress
and therefore rely on an activated UPR for sur-
vival [15, 47]. However, most normal cells are
not subjected to stress, and the UPR pathways
remain inactive state in these cells. This dis-
crepancy between tumor cells and normal cells
may offer an advantage for the agents that tar-
get the UPR to achieve the specificity in cancer
therapy. In the following, we provide some repre-
sentative evidence for cancer therapeutic appli-
cations by targeting UPR components.

GRP78/BiP as a cancer therapeutic target and
biomarker

Expression of GRP78 protein correlated with

both the rate of patient survival and the depth
of tumor invasion. In human cancers, elevated
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GRP78 level generally indicates the higher
pathologic grade, recurrence, and poor patient
survival in breast, liver, prostate, colon, and gas-
tric cancers, althoughlung cancer is an excep-
tion [15]. Additionally, GRP78 expression was
positively correlated with increasing tumor thick-
ness and with increasing dermal tumor mitotic
index [65]. These observations have inspired
the idea of targeting GRP78 for cancer therapy.
Indeed, recent studies supported that knock-
down of GRP78 can suppress cancer cell growth
and improve the sensitivity of cancer cells to the
treatments. Knockdown of GRP78 by siRNA
could slow down the growth of glioma cells and
increase their sensitivity to chemotherapeutic
agents, including temozolomide, 5-fluorouracil
and CPT-11 [41]. The cytotoxic effect of GRP78
knockdown has been confirmed in many cancer
cell lines [66, 67], although one study sug-
gested that the pro-survival role of GRP78 in
tumorgenesis is possibly cell-line specific [68].
Researchers have been actively screening for a
specific GRP78 inhibitor as an anticancer agent
[69-71].

GRP78 is an abundant molecular chaperone
that localizes to the ER lumen. However, recent
evidence suggested that a sub-fraction of
GRP78 localized to the surface of specific cell
types, including malignant cells [72]. Preferen-
tial expression of GRP78 on the surface of tu-
mor cells but not in normal organs suggests that
surface GRP78 can serve as a biomarker for
cancer-specific therapy. Indeed, some of recent
studies supported that ER chaperones GRP78
and GRP94 are effective biomarkers for indicat-
ing aggressive behavior and poor prognosis in
cancer [51, 53, 73, 74], althoughthere is evi-
dence that GRP78 as a cancer biomarker might
be tumor-type specific [15, 52, 75].

Proteasome inhibitors

The ubiquitin-proteasome pathway is one of
central players in the regulation of several di-
verse cellular processes. Proteasome inhibitors
can block the action of proteasomes, inhibit the
degradation of proteins critically involved in
regulation of cell proliferation and survival, and
eventually lead to growth inhibition and apop-
tosis. Proteasome inhibitors have been inten-
sively studied in the treatment of cancers. Bor-
tezomib (Velcade; PS-341) is ahighly selective
and reversible proteasome inhibitor that has
been approved for clinical use against multiple
myeloma and is in clinicaltrials as a single
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agent or in combination with chemotherapeu-
tics against other solid tumor malignancies [76,
77]. The in vitro studies have confirmed the
cytotoxic effects of bortezomib on a broad range
of cancer cell types, including prostate, lung,
breast, colon, and non-Hodgkin's lymphoma [78
-81]. It can induce additive or synergistic cyto-
toxic activities against cancer cells when com-
bined with other antineoplastic agents [81-83].
Although the mechanismsinvolved in its anti-
cancer activity are still being elucidated, borte-
zomib was recently shown to cause the accumu-
lation of misfolded proteins in the ER and ER
stress-associated apoptosis by inhibiting 26S
proteasome activity and subsequent ERAD ma-
chinery [58, 84-86]. Moreover, bortezomib was
shown to suppress the IRE1a/XBP1 arm of the
UPR by inhibiting IRElax endoribonuclease/
kinase activity and by stabilizing the unspliced
form of XBP1, a dominant negative for the func-
tional XBP1 protein [58, 59]. In addition to bor-
tezomib, therapeutic potentials of other protea-
some inhibitors were also investigated. For ex-
ample, BU-32 (NSC D750499-S), a highly selec-
tive proteasome inhibitor, was effective in sup-
pressing in vitro and in vivo breast cancer cells,
on which bortezomib has limited effect [87].

ERAD inhibitor

Under ER stress, ERAD removes aberrant or
misfolded proteins from the ER through protein
retrotranslocation and ubiquitin-proteasome
degradation systems [36, 88]. Defects in ERAD
cause the accumulation of misfolded proteins in
the ER and thus trigger ER stress-induced apop-
tosis [37]. In the process of ERAD, a cytosolic
ATPase named p97 plays key roles in extracting
misfolded proteins that are polyubiquitinated
and transporting them to the proteasome for
degradation. Recently, Eeyarestatin | (Eerl), a
chemical inhibitor that can block ERAD, has
been shown to have preferential cytotoxic activ-
ity against cancer cells [89, 90]. Eerl can target
p97 complex to inhibit deubiquitination of p97-
associated ERAD substrates, which is required
for the degradation process [90]. Like borte-
zomib, Eerl induces an integrated stress re-
sponse in the ER as well as apoptosis via the
Bcl-2 homology3 (BH3)-only pro-apoptotic pro-
tein NOXA. Eerl activates the CREB/ATF tran-
scription factors ATF3 and ATF4, which form a
complex capable of binding to the NOXA pro-
moter and activate NOXA expression [89]. Inter-
estingly, Eerl was found to be able to block ubig-
uitination of histone H2A to relieve its inhibition
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on NOXA transcription [89]. These studies sug-
gested that the ERAD inhibitor Eerl may repre-
sent a novel class of anticancer drugs that inte-
grate ER stress response with epigenetic
mechanisms to induce cell death.

Other therapeutic potential associated with ER
stress

Several other distinct agents have been re-
ported to have anti-cancer potentials by modu-
lating ER stress response. Versipelostatin, a
novel macrocyclic compound, showed highly
selective cytotoxicity to glucose-deprived tumor
cells and in vivo tumors by inhibiting GRP78
induction and expression of the UPR trans-
activators XBP1 andATF4 [69, 91]. An engi-
neered fusion protein, epidermal growth factor-
SubA (EGF-SubA), was reported to be highly
toxic to growing and confluent epidermal growth
factor receptor-expressing cancer cells, and its
cytotoxicity is thought to be mediated by rapid
cleavage of GRP78 [70]. Systemic delivery of
EGF-SubA resulted in a significant inhibition of
human breast and prostate tumor xenografts in
mouse models. Additionally, Salazar et al re-
ported that o&-tetrahydrocannabinol, the main
active component of marijuana, induces human
glioma cancer cell death through stimulation of
ER stress-associated autophagy [92]. ©-
tetrahydrocannabinol can induce ceramide ac-
cumulation and the ER stress response that
triggers autophagy through inhibition of the Akt/
mammalian target of rapamycin complex 1 axis.
The o&-tetrahydrocannabinol-induced autophagic
death of human and mouse cancer cells sug-
gested that cannabinoid administration may be
an effective strategy for cancer therapy.

Concluding remarks

Significant progress has been made in elucidat-
ing the mechanism and role of the ER stress
response in oncogenesis and cancer therapy
resistance. The related findings have raised an
exciting possibility of targeting the UPR compo-
nents as an effective strategy for cancer therapy
and overcoming drug resistance. For future re-
search, it is important to delineate the distinct
roles of the UPR branches that may provide sur-
vival or death signal in tumorgenesis or cancer
therapy. The related information will be essen-
tial for pharmaceutical design toward controlling
cancer through modulating UPR signaling. Re-
search in this topic will significantly advance our
understanding of cancer biology and be infor-
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mative to its therapeutic application against
cancer.
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ENDOPLASMIC RETICULUM FACTOR ERLIN2 PRESERVES ONCOGENESIS BY REGULATING DE
NOVO LIPOGENESIS

Kezhong Zhang, Zeng-Quan Yang, Guohui Wang, Xiaogang Wang, and Xuebao Zhang
Wayne State University

Increased de novo lipogenesis has been recognized as a hallmark of aggressive cancers and is implicated in
maintaining rapid cancer cell proliferation. Recently, we identified an endoplasmic reticulum (ER) lipid
raft-associated 2 (ERLIN2) gene that is amplified and overexpressed in a subset of aggressive breast cancers. We
have demonstrated that ERLIN2 plays a supporting oncogenic role by facilitating cancer cell adaption to
oncogenesis-associated cellular stress. In this study, we showed that ERLIN2 is required to maintain malignancy of
human breast cancer cells by promoting de novo lipogenesis. Gain- and loss-of-function approaches demonstrated
that ERLINZ is required for expression of lipogenic transcriptional activators and key enzymes involved in
cholesterol and triglyceride biosynthesis. Correlating with the upregulation of lipogenic gene expression, forced
expression of ERLINZ in liver and breast cancer cells increased accumulation of cytosolic lipid droplets in response
to metabolic stress, including depletion or enhancement of insulin signals as well as elevation of the saturated fatty
acid palmitate. Consistently, human breast cancers of both luminal and Her2 subtypes, in which the ERLIN2 gene
is amplified and overexpressed, maintain high expression levels of lipogenic transcriptional activators and lipid
biosynthesis enzymes. As a consequence of ERLIN2 depletion, the ERLIN2-knockdown breast cancer cells
displayed reduced cytosolic lipid deposition concomitant with reduced cell proliferation rates and increased
apoptotic activity. In summary, our study implicates an unprecedented role for ERLINZ2 in preserving oncogenesis
by promoting de novo lipogenesis.

This work was supported by the U.S. Army Medical Research and Materiel Command under W81XWH-10-1-0153.
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ENDOPLASMIC RETICULUM FACTOR ERLIN2 PLAYS AN ONCOGENIC ROLE BY
MODULATING ER STRESS RESPONSE IN BREAST CANCER

Zeng-Quan Yang, Stephen Ethier, and Kezhong Zhang
Wayne State University

Amplification of the 8p11-12 region has been found in approximately 15% of human breast cancer and is
associated with poor prognosis. Previous genomic analysis has led us to identify an endoplasmic
reticulum (ER) lipid raft-associated 2 (ERLIN2) gene as one of candidate oncogenes within the 8p11-12
amplicon in human breast cancer, particularly in luminal subtype. ERLIN2 is an ER membrane protein
and has recently been identified as a novel mediator of ER-associated degradation. In this study, we found
that amplification of the ERLIN2 gene and overexpression of the ERLIN2 protein are present in both
luminal and Her2 subtypes of breast cancer. Gain- and loss-of-function approaches demonstrated that
ERLIN?2 is a novel oncogenic factor that is associated with the ER stress response pathway. We
demonstrated that ERLIN2 expression at protein level was modulated by the ER stress pathway through
the IRE1a/XBP1 axis in breast cancer cells. We show that overexpression of ERLIN2 facilitated the
adaptation of breast epithelial cells to ER stress by supporting cell growth and protecting the cells from
ER stress-induced cell death. Thus, ERLIN2 may confer a selective growth advantage for breast cancer
cells by facilitating a cytoprotective response to various cellular stresses associated with oncogenesis. The
information provided in this report sheds new light on understanding the mechanism of breast cancer
malignancy.

This work was supported by the U.S. Army Medical Research and Materiel Command under W81 XWH-10-1-0152.
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